
--- - -. MNAIO u %CL Pri¶~t 1

AD- A26 887

2/10/92 'Annual- 7115192 -1/14/93
T nTUAN 0 USTTT HotftiNG muatks

Selective Processing Techniques for Electronics
and Opto-electronic Applications: Quantum-well
Devices and Integrated Optic Circuits F49620--92-J-0414

Prof. Richard M. Osgood, Jr.

Columbia University ALPOXT NumsU

Microelectronics Sciences Laboratories
500 West 120th Street AFOSRL TP:
1001 Schapiro CEPSR1
New York, NY 100271

.~~~ I&CWa ORMG1~ AGA?4C MAM1I(S) A140 A000ULSUES) 0.OOq~MNT~
Dr. Jane Alexander Dr. Howard Schlossberg,- A601CY EPCXuMULW
DARPA AFOSR ot
3701 N. Fairfax Drive Program Manager

Arligto, V 2203-714Building 410, Bolling AFBI
Arligto, V 2203-714Washington, DC 20332

Distribution Unlirnite

During this period, significant headway has been made on the key
contract objectives. Several novel integrated optical devices have
,been demonstrated, and simulation of new devices is guaiding further
experiments. our low-damage cryogenic etching technique has ~been
demonstrated to be suitable for sub-micron patterning, and applied to
devicde fabrication. Finally, light-induced wet-etching techniques
have been used in several new and important areas of application.

93-06616

Couplers, Semiconductor lasers, IR Filters, Isolators, 30
Integrated Optics, Anisotropic Etching, InP, Via Etching LUCD

17ý. saru~iry C,.ASOCAflIt IL 51 Q.ýX& CLA5S*'KA,.C) 19. SiC.wry aA1Ssj-KAfl0M .0.&rflM0 *TAC

Unclassified Vnclassified Unclassified IUnclassified



SELECTIVE PROCESSING TECHNIQUES FOR ELECTRONIC AND OPTO-
ELECTRONIC APPLICATIONS: QUANTUM-WELL DEVICES AND
INTEGRATED OPTIC CIRCUITS

Richard M. Osgood, Jr.

Co!umbia University
Microelectronics Sciences Laboratories
500 West 120th Street
1001 Schapiro CEPSR
New York, NY 10027

Submitted: February 10, 1993
-Accesion For''-

Annual Technical Report for the Period -NTIS CRA& --
July 15, 1992 - January 14, 1993 DTIC lAU

•tjfc,.i rton -

Distribution Unlimited By
D , t ib -- ----. -.... ..... .... ....

Avditabiiity Codes

Prepared For Ava- 1-1d 1 or
USAF, AFSC Dist special
Air Force Office of Scientific Research
Building 410 .11

Boiling AFB, DC 20332-6448

Sponsored by r - 1
Defense Advanced Research Projects Agency (DARPA)
DARPA Order No. 6321
Monitored by AFOSR under Contract #F49620-92-J-0414



Table of Contents

Introduction.................................................... 3

A. Integrated Optical Devices and Technology ............................ 3

1. Channel Dropping Filter ................................... 4
2. Thin Film Isolator ..................................... 5
3. W aveguide Modulators .................................. 7

B. Integrated Optical Device and Circuit Modeling ... ................... .. 10

C. Cryogenic Etching for Low-Damage, Sub-Micron Processing of MQW's ....... .18

D. Applications of Through-Wafer Via Etching .......................... 22

E. Selective Vertical Etching of GaAs/AIGaAs MQW's .................... 26

References ... . .... .. ............... . ... ........ ... . ... ... 27

Presentations .............................................. 28

Publications ............................................... 29

Appendix A - Statement of Work

Appendix B - Papers Referred to in the Text

2



Introduction

The goal of the current DARPA/AFOSR program is to apply selective processing

techniques developed at Columbia to the fabrication of specific device structures for both

integrated optical and microelectronic devices and systems. Two key technology areas are

addressed: a) new techniques appropriate to processing sensitive MQW devices, and b)

fabrication of integrated optical devices and circuits. The statement of work for this program

is provided in the Appendix. As will be seen in this report, significant headway has been made

on these objectives in the first six months of the project, the time period which this report

covers. The work described in this report is divided into the following categories:

A. Integrated Optical Devices and Technology

B. Integrated Optical Device and Circuit Modeling

C. Cryogenic Etching for Low-Damage, Sub-Micron Processing of MQW's

D. Applications of Through-Wafer Via Etching

E. Selective Vertical Etching of GaAs/AIGaAs MQW's

A key aspect of this work has been collaborations with other industrial and university

partners. Our industrial partners have included Ray Wolfe at AT&T, Paul Lin at Bellcore,

Frank Tong at IBM, Jim Yardley at Allied Signal, and Bill Hooper at Hughes Research

Laboratories.

A. Integrated Optical Devices and Technology

In the previous DARPA/AFOSR program, we succeeded in developing a fabrication

technology suitable for rapid prototyping of passive and active integrated optical device
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structures. This work is described in previous reports, and is also presented in Refs. I and 2.

In addition, we began to apply the techniques to the fabrication of new and complex devices,

such as the narrow-band channel-dropping filter (CDF) proposed by H.A. Haus at M.I.T., and

end-facet grating based multiplexers.

1. C.annel Dropping Filter

In the current program, we have completed work on demonstrating several novel devices.

First, the CDF described above has been fabricated and tested, and was found to exhibit the

basic behavior predicted from the theory, including a sub-Angstrom bandwidth. This is the first

experimental realizatiol of this important telecommunications device. Second, we have

produced the first thin-film-magnet magneto-optic isolator, and the device exhibits an isolation

ratio of 21 dB. Finally, we have fabricated several different designs of integrated optic

waveguide modulators, and these exhibit low switching voltage and high extinction ratio.

In earlier reports, we described our work on fabricating a narrow-band channel-dropping

filter of a novel design proposed by H.A. Haus at M.I.T. The very first devices showed

promise, but required redesign. Late in the last contract period we completed a redesign and

second fabrication run using our prototyping technology, in collaboration with P.S.D. Lin at

Bellcore for e-beam writing, and the NNF at Cornell for grating etching.

In the early part of this current program, we analyzed the new devices using a recently

introduced tunable laser source from HP. A portion of the resporse is shown in Fig. 1, which

shows the output of the resonator arm versus wavelength. A strong resonant peak is observed,

which corresponds to the predicted transmission resonances. The power transfer of 30%

approaches the theoretical maximum of 50% for this design. Finally, the bandwidth is 0.8A
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Figure 1. Response of narrow-band channel dropping filter. The bandwith is o.sA FWHM.

FWHM, within the predicted sub-Angstrom range, and the narrowest value of any integrated

filter design. This is the first demonstration of a CDF of this type, and represents an important

step in the development of this technology area. The work was published and is described fully

in Ref. 3 (also found in Appendix B).

2. Thin Film Isolator

In the area of integrated optical isolators, we have also made significant accomplishments

during this period. In the current proposal, we put forth a concept for a magneto-optic isolator

driven by thin-film magnets, which could be integrated directly onto optical chips. Detailed

calculations of the magnetic fields produced by recently developed magnetic thin-films showed

that saturation of properly designed Bi-YIG materials might be achieved.

In this contract period, we brought together the elements of the design through
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collaboration with R. Wolfe at Bell Labs. who provided the Bi-YIG waveguide, and C.I.

Gutierrez and G.A. Prinz at NRL who provided thin-film magnets according to our design

specifications. Fabrication and testing of the final device was done by us at Columbia.

Measurements indicate that the thin-film magnets can nearly saturate the Bi-YIG. In addition,

the device exhibited good isolation behavior as shown in Fig. 2, which displays the optical

output through the Bi-YIG waveguides for two different orientations of the magnetic thin-film.

The isolation ratio obtained was 21 dB. This result represents the first demonstration of a thin-

film magnet magneto-optic isolator. This has been published and appears in Ref. 4 (also found

in Appendix B).

(a)

(b)

Figure 2. Output of thin-film-magnet uiageto-optic isolator for two differaii film orienat~ons.
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3. Waveguide Modulators

Finally, in this period, we have successfully used our prototyping capability to fabricate

several designs for integrated optical waveguide modulators. Those include a polarization

modulator, an amplitude modulator, and a Mach-Zehnder modulator.

The first modulator we fabricated was an electro-optic polarization modulator.2 This was

reported previously, however it is useful to summarize the results in order to understand the new

designs. The etched portion of the device was a groove-defined straight waveguide. The

waveguide metallization was fabricated by a conventional evaporation of aluminum and patterned

with laser direct writing of photoresist, which left an electrode on either side of the waveguide,

allowing an electric field to be applied within the waveguide core.

The device was tested by using a polarization-maintaining fiber to launch light into the

waveguide structure and analyzing the output with an external IR polarizer set at 900 to the input

polarization. Figure 3a shows the transmission as a function of applied voltage, and

demonstrates an extinction ratio of 17 dB and a V,, of 4 V.

We used the device described above in conjunction with an on-chip polarizer to build a

simple, integrated amplitude modulator. Such a device has not been previously reported. The

first fabrication steps of this device were similar to those that led to the polarization modulator

described in the above paragraphs. However, the electrodes were not deposited along the whole

length of the waveguide. A part of the device was left for the positioning of a polarizer. The

polarizing element was a thin metal film which is known to exhibit strong polarization-sensitive

optical loss. In particular, the presence of the aluminum strip allows selective TEO mode

transmission, while the TMo mode and higher-order modes do not transmit through the guide.
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This filter action is explained by modal repulsion from the metal wall. For our device, this

element consisted of a strip of aluminum positioned on top of the waveguide, in the center of

the area with no electrodes. In our experiments, laser-defined CVD 5,6 was used to deposit the

polarizer. This technique was selected because it is maskless and discretionary. Thus the

metallized region may be defined and adjusted without exposing the device to a second

photopatterning step. Prior to fabricating this device, we studied the polarization-sensitive

attenuating properties of the laser-defined aluminum lines. For this study, aluminum lines of

various lengths were direct-written on straight waveguides, and the output intensity was

measured as a function of the pad length and normalized to that of a straight waveguide with no

aluminum. This measurement was made for both TE and TM and the results showed over

10 dB discrimination of TM compared to TE.

In order to test the device, we launched light polarized at TM into the waveguide

structure. Figure 3b shows the transmission as a function of applied voltage, and exhibits an

extinction ratio of 13 dB and a V, of 6 V.

The third modulator that we designed is a Mach-Zehnder-interferometer-based modulator.

In the fabrication of this device, a much complex and accurate writing sequence is required.

The electrode configuration we used is again that of coplanar strips where the electrodes are on

either side of each of the two parallel arms, allowing an electric field to be applied within the

waveguide core of each arm. Since a central electrode can be shared by both guides, a total of

three electrodes are required for this device. Again, we used our computer-controlled direct-
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writing technique to fabricate the passive part of the device. The metallization was fabricated

by a conventional deposition and patterned with laser direct writing which formed three

electrodes allowing an electric field to be applied within the waveguide core of both arms.
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In order to test the device, we launched light into the input waveguidt. The two outer

electrodes were connected to ground and the central electrode was connected to a positive

voltage. The application of a voltage across the two arms lead to the expected modulation of

the amplitude. Figure 3c shows the transmission as a function of applied voltage, and

demonstrates an extinction ratio of 15 dB and a Vi of 5 V.
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Figure X Mach-Zehnder configuration.

The above results demonstrate the flexibility of our prototyping technique in fabricating

a wide variety of active waveguiding structures useful for integrated optics. This work will be

submitted for publication shortly, and is described further in the attached draft manuscript

(Appendix B).

B. Integrated Optical Device and Circuit Modeling

In the final report of the previous contract, we described a project in which several

simulation techniques that we had developed were being used in the development of a general
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integrated optical device and circuit modeling package called B-PROP. This program will assist

us, and other researchers in the field, in analyzing important problems in the design and

fabrication of integrated structures. This work is being done in collaboration with Allied Signal.

During this period, we have completed the first two versions of this package, and have

used it to study a numbe, of problems. In particular, working with Allied we have explored the

design of highly multimode star couplers for fabrication in polyme: .naterials. In collaboration

with H. Fetterman at UCLA, we have designed an optical delay line. Finally, we are currently

using the program to assist our work on wavelength demultiplexers by considering the design

of low divergence adiabatic tapers. Specific information on the delay line and star coupler

projects is given in the following paragraphs.

In the optical delay line project, the goal is to take an optical signal at 1.3 Jim, and split

it 8 ways, with each arm having an optical path delay appropriate to operation of a 10 GHZ

phased array radar system. This length, for GaAs, is about 300 pm. A sketch of the device

is shown in Fig. 4. Several design goals need to be achieved. First, the y-branches must be

asymmetric designs with splitting ratios from 12.5 - 50%. Second, low-loss large angle bends

need to be produced to carry the signal to the outside of the chip where the detector arrays will

be located. Finally, these functions need to be performed within the geometric constraints

imposed by the 300 Am optical path delay requirement.

B-PROP was used first to examine asymmetric y-branches of the design shown in

Fig. 5a. Power transfer as a function of the length of the tapering region is shown in Fig. 5b.

As can be seen from tne figure, power splitting in the required range is achievable. Next, a

study of bends indicated that 5 mm radius of curvature would have negligiblc loss. Finally, all
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the components were put together in a 4-way optical delay line simulation of half of the actual

8-way device. A graph of the wave propagation in this structure is shown in Fig. 6.

Fabrication of the device is currently underway using our prototyping technology.
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Figure 6. Il-PROP simulation of propagation in optical delay line.

In the star coupler project, we are motivated by the industrial applications of multimode

star couplers which are of interest to our collaborator, Allied Signal, and by the lack of

published work in this area. Optical star couplers are widely used in lightwave local-area

networks for even distribution of signals among several users. Configuration of a star coupler

consists of an input and output array of waveguides connected by a wide slab waveguide. Star
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couplers with single-mode waveguiding arrays are widely used and studied. However, due to

limitations of multimode waveguiding in communication networks, multimode star couplers have

been persistently neglected. Multimode star couplers are important for lightwave division in

local subscriber systems for distributive services, star-based local area networks, and high-power

splitting. In addition, multimode star couplers can be readily fabricated in polymers with the

aid of various processing techniques.

Two arrays of multimode channel waveguides separated by a wide interaction region

make the basic structure of the device. We have examined operational characteristics including

intensity profiles as a function of device geometry, refractive index difference (or numerical

aperture) and input profile. These calculations form the basis for constructing effective polymer

waveguide devices and they extend the viability of finite difference beam propagation

computational techniques into the realm of multimode structures.

The analysis of the devices was performed by utilizing the B-PROP program. To

perform the simulations, we define multimode star coupler structures in a layout with N input

and output waveguides having a symmetric step-index profile of width W. They are connected

by an interaction region which is a waveguide of width N.W; input and output waveguides enter

that region at various angles. Through the effective index method, channel waveguiding

structures are represented in the simulation as slab waveguides. We launch a field distribution

into one of the waveguides in the input array. The launched field distribution is comprised of

a sum of all the modes supported by the input waveguide. The total signal power is equally split

among the modes and the initial phase is chosen randomly. These conditions simulate the

light wave output of the previous device serving as a source for the star coupler, as each mode

15



propagates with different characteristic phase velocity.

The beam is propagated along the structure and the field distribution in the input

waveguide, the interaction region, and the output waveguides is observed and the field intensity

determined at the end of each output waveguide. Note that the resulting power distribution

should ideally be uniform across the output array. Finally, the influence of several different

parameters of device geometry, as well as the refractive index difference of the material, on the

uniformity of the output intensity distribution was investigated.

Our simulation considers the operation of a multimode star coupler made in polymer

material on a PMMA substrate. The widths of the waveguides in the arrays were varied

between 50 and 200 Am and their refractive index was varied in the range from 1.50 - 1.581.

The device was simulated for the wavelength of I.=838 nm. The behavior of the device was

studied as a function of the length of the interaction region for different number of modes

supported by the input waveguide, keeping all other parameters fixed.

The number of modes was varied between 30 and 120 by first selecting different width

of the input waveguides with the refractive index difference fixed and later changing the index

difference with the width fixed. While in the most of the parametric studies, we examined the

simplest case of the 2x2 star coupler first, in order to gain better understanding of the

fundamental dependencies, our subsequent work considered 4x4 star couplers as well.

Figure 7a shows the computed field distribution in a 60-mode 4x4 star coupler. Note that

the high spatial frequency present in the field distribution represent the large number of modes

and their differing propagation velocities and random phases. The lightwave signal is launched

in the left outermost input waveguide and it spreads in the structure establishing a particular field

16



intensity profile in all the four output waveguides. The relation between the power in output

waveguides and length of the interaction region shown in Fig. 7b exhibits two different types

of behavior, as seen on the graph. The first effect is a decay of power in the input waveguide
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F"gure 7. B-PROP simulation of 60-mode 4x4 star coupler in polymeric material.
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and a rise of power being transferred into remaining waveguides. Later, power division among

output waveguides fluctuates, reaching different values over the limited interval. The length of

the interaction region necessary for the first uniform distribution is found to be inversely

dependent on the insertion angle of the input waveguide. In addition, the level of fluctuations

is observed to become narrower when a larger number of modes is supported by the structure.

Thus we can determine the number of modes and required interaction length to achieve a certain

level of output uniformity.

By varying several design parameters we obtained uniform power distribution among

output waveguides. The required length of the interaction region of the device and the intensity

difference among output waveguides can be controlled by adjusting the geometry of the input

waveguides and increasing the number of modes supported.

C. Cryogenic Etching for Low-Damage, Sub-Micron Processing of MQWs

Under the last contract, we developed a dry etching process for GaAs and related

compounds in which an excimer laser is used to activate a condensed layer of chlorine on the

surface of the semiconductor, as well as remove etching products from the reaction area. The

restriction of the reactive species to the surface, as well as the limitation of the product

desorption to the illuminated area, yield an anisotropic etching without the need for highly

energetic particle beams which damage sensitive MQW materials. In the initial work, the

technique was well characterized in terms of process parameters. This work is described in

previous reports and in Ref. 7. In addition, gold masks patterned by liftoff were used to

demonstrate micron-scale patterning, and silicon nitride and silicon oxide were tested for
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suitability as mask materials.

In the new contract, we have continued our work on this important technology by first

demonstrating sub-micron patterning using e-beam patterned silicon-nitride masks. In addition,

we have applied the technique to the fabrication of a quantum-well stripe laser. We have also

performed measurements on Schottky devices fabricated on GaAs etched by our technique to

demonstrate low damage. Finally, we have made several improvements to our apparatus and

process. The above work is described in the following.

One of the ultimate goals of this project is to etch feature of submicrometer dimensions.

The first step towards this goal is to find a suitable surface mask. The gold surface masks we

have been working with up to now are unsuitable for high resolution applications because they

often erode on the sides and because of the resolution limits of conventional lift-off lithography.

The requirements for effective masking materials are resistance to the chlorine environment and

excimer laser irradiation and the ability to be patterned to submicrometer dimensions.

For our studies of submicrometer etching, we used a Si3N4 mask patterned by electron

beam lithography and reactive ion etching by Cornell University's National Nanofabrication

Facility. The detailed results, along with some micrographs, are discussed in Ref. 8 (also found

in Appendix B). Figure 8 shows the cross section of a feature etched on the GaAs (110)

surface. We are able to etch features a half micrometer wide with aspect ratios of greater than

one. A major finding is that the sidewall slope is independent of both the surface being etched

and the orientation of the feature on the surface.

To test the suitability of this etching for device fabrication, we collaborated with Prof.

Wen Wang's group at Columbia to apply our etching process to etch a mesa for a single

19
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Figure 8. SEM of sub-micron features etched in GaAs using the low-damage cryogenic.
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Figure 9. LI characteristic of a quantum well ridge laser etched using the low-damage cryogenic etching
technique.
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quantum-well ridge waveguide semiconductor laser. The structure of the laser and electron

micrographs of the etched structure are in Ref. 8. Figure 9 shows the LI (light out-current in)

characteristics of the laser. The performance of these lasers is comparable to that of lasers

fabricated by wet etching. Since wet etching of II - V semiconductors is heavily dependent on

crystallography and doping type and level, our low temperature etching process is more reliable

for achieving micrometer scale structures. To complete this project, several technical challenges

needed to be overcome. Most significant is the requirement for a uniform etch depth, which

required that the excimer laser beam have a uniform intensity profile. This was accomplished

through careful re-design of our optical beam delivery system.

A new etching chamber and load lock system, sketched in Figure 10, has been installed

and tested during this period. The purpose of this apparatus is to accomplish sample transfer

without exposing the etching chamber to the atmosphere. The new etching chamber is pumped

by a turbo pump and during etching, the background pressure is about I0-7 Tor. The

installation of the load lock system allows us to repeatedly do experiments without breaking the

vacuum; as a result, we can obtain better surface morphology. We point out that a load lock

system is important for low temperature etching processes, as many contaminants, such as

moisture and residual etching products, tend to absorb on the sample surface at low

temperatures.

We continued to explo:-e effects of the addition of rare gases to the etching chamber, as

described in the last report. The results for various rare gases are included in Figure 11. For

the addition of Xe, Kr, and Ar, we saw an enhancement of the etch rate to about twice the

normal etch rate with increasing rare gas partial pressure, and then a quenching of the etch rate
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Figure 10. New vacuum chamber and load lock for cryogenic etching system.

with further addition of the rare gas. The addition of He or Ne causes no enhancement of the

etch rate. Instead, they immediately cause a decrease in the etch rate. We suggest that the etch

rate enhancement is attributable to a parallel channel for generating Cl atoms through the

formation and decay of excited rare gas halide molecules. We have also found that the addition

of rare gases results in a noticeable improvement of surface morphology.

D. Applications of Through-Wafer Via Etching

In the previous contract, we reported the development of a technique for rapid etching

of through-wafer vias in SI-InP. In collaboration with Hughes, we had applied the technique
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to ,he fabrication of vias iii actual MMIC microwave devices. This work has been described

in previous reports, and has been submitted for publication.

In this first period of the current contract, we have successfully transferred this

technology to Hughes, and they are replicating our experimental setup in their labs. In addition,

we have fabricated additional levices for microwave testing, which is currently underway.

Results should be available in the coming months.

In addition, we have initiated a collaboration with Steve Forrest at Princeton to apply our

etching technique to the fabrication issue in his "Smart Pixel" designs. Vias would be etched

through SI-InP wafers to allow power connections between photocells on the back of the wafer

to electronics on the front of the wafer. Work on this project is currently underway.

Finally, we have investigated a new application which uses our via etching process to

fabricate large arrays of cylindrical vias which can act as transmission filters in the infrared. The

filter consists of a series of cylindrical waveguides that are - 20 Am in diameter and - 100 Am

in depth, with smooth straight sidewalls. The side walls must be highly conductive to avoid

penetration of the waveguide mode into the walls.

The filter was formed from a 100 1m thick SI-InP Fe doped substrate. The pattern

consists of a grid with - 20 gm laser etched through via holes, with 50 A.&m center-to-center

spacing, as shown in Fig. 12. The entire pattern covers an area of 3 mm x 3 mm. The sample

was mounted vertically in a quartz cell on a computer controlled X,Y,Z stage with an opening

on the back. The opening allows the laser light to penetrate through the wafer onto a

photodetector. This detector sends a voltage signal to the computer to shut off the beam, move

to the next via location, and open the shutter to drill the next via. Thus the opening served as
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Figure 12. Optical photograph of an array of vias etched in SI-InP for use as an M transmission filter.
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an end-point detection. With this arrangement, the holes obtained were very uniform in

diameter and etch time. The average via etch time was - 10 sec. After the etching, the sample

was removed and rinsed in deionized water leaving the deeply etched through-holes clear as

shown in Figure 12. The sample was then metallized Cr and Al using e-beanm and thermal

evaporation, respectively. The chromium and aluminum layers which covered the walls of the

vias were - 200 A and 7000 A, respectively, resulting in highly conductive cylindrical

waveguides.

The far-infrared transmission spectrum of this waveguide filter was measured using a

Perldn Elmer spectrometer at 2 wavenumbers (cm"1) resolution. A globar was used as the source

and a DTGS bolometer as detector. Figure 13 shows the plot of the transmittance vs.

Ioo Sol 7As 44 Cf-l 2,8

Figure 13. Tu•smittune vs wavccumbers for MR filter of Fig. 12.
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wavenumbers. The position of the cutoff is at 242.2 cm*' which corresponds to a cutoff

wavelength of - 41 pm. The theory predicts that the cutoff wavelength is twice the diameter

of the via hole. In our case the average diameter of the via is - 21 ;m, implying a cutoff of

42 pm, in good agreement with the measurement. As shown in Fig. 13, the cutoff is very steep

giving the filter a very high contrast.

E. Selective Vertical Etching of GaAs/AIGaAs MQW's

For the current contract, we proposed to explore a technique for controlled, vertical

etching of multiple quantum-well structures, which could selectively remove different material

layers. In the proposal we described initial work on a light-induced photoelectrochemical

process for etching GaAs/AIGaAs, in which the shape of IV curves might be used to monitor

the process.

During this first period of the current contract, we have completed our study of

multilayer etching in GaAs/AIGaAs, and have obtained an understanding of the basic process

physics. Furthermore, we showed that the changes in potential or current at the interface can

be used to form an in situ process o. profiling diagnostic. This large body of work is described

fully in the attached draft manuscript (Fink and Osgood, Appendix B), which has been submitted

for publication in the J. Electrochem. Soc.
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Work Statement APPENDIX A

1. SELECTIVE PROCESSING FOR QUANTUM DEVICES

"* Cryogenic Etching of IlI-V Materials for MQW's

- Extension of current technique to submicrometer patterns.

- Etching of bulk AIGaAs, GaSb, InAs, and AlSb.

- Examination of heterostructure etching.

- Application of process to MQW material and devices.

"* Photoelectrochemical Etching

- Use of electrochemical techniques to monitor layer by layer removal of QW

material for selective processing of MQW structures.

- Demonstration of etching of two-height quantum-well array.

2. INTEGRATED OPTICS AND PHOTONIC STRUCTURES

* Development of Photonic Circuit Elements Fabricated by Selective Processing.

- Modulating and Switching Devices: Mach-Zender interferometric amplitude

modulator and directional-coupler-based 2 x 2 switch.

- Wavelength Selective Devices: Wavelength demultiplexer and narrow-band

channel dropping filter.

- Integrated Magnetic Optical Isolator.

* Application to Integrated Optical Switching Arrays: Demonstration of 4 x 4

switch.

* Theoretical modeling of photonic devices and circuit elements.
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Laser-Fabricated Low-Loss Single-Mode
Waveguiding Devices in GaAs

Louay Eldada, Member, IEEE, Mark N. Ruberto, Member, IEEE, Robert Scarmozzino,
Miguel Levy, and Richard M. Osgood, Jr., Senior Member, IEEE

Abstract-We have used a maskiess laser etching technique to In this paper, we present experiments which demonstrate the
fabricate novel waveguldes and waveguilding structures directly writing of high quality optical waveguides on GaAs/AIGaAs
Into the surface of GaAs/AIGaAs beterostructures. The modal substrates. In addition, we demonstrate that low loss bends and
and loss properties of these groove-defined structures have be an
measured as a function of waveguide geometry, and low-loss branches can be made repeatably. The appropriate analytical
single-mode waveguides have been produced. Using the tech- models for predicting the performance of these passive devices
nique, we have fabricated various passive optical devices In a are also described.
single processing step. Waveguide bend and branch losses have
been measured and are comparable to those In conventionally 11. LASER FABRICATION OF RIB.LIKE WAVEGUIDES
fabricated devices. Experimental results are described by simple
theoretical models. The technique Is attractive as a prototyping The experimental procedure and physical mechanism
tool for developing and testing new integrated optic circuits, for laser-induced photoelectrochemical etching have been

described in detail elsewhere 18]. Briefly, a laser beam is
I. INTRODUCTION focused onto a GaAs/AIGaAs heterostructure sample, which is

ECENTLY, we have developed a new technique for immersed in a thin overlying film of electrolyte and contained
J direct-writing of optical waveguide devices in semicon- in a quartz cell. The focused radiation generates electron-

ductor surfaces [II, 12]. The process uses a focused laser beam hole pairs near the semiconductor surface, and the holes are

to photoclectrochemically etch micrometer-scale grooves in transported to the interface leading to the anodic dissolution

GaAs/AIGaAs heterostructures, thereby patterning rib-like op- of the semaconurtor in the vicinity of the laser spot. The
tical waveguide structures. The technique does not require resolution of the process is determined by the optical beam
the use of a mask; thus, the etching can be done in a single size and by the transport of the minority carriers in the
step. In conjunction with computer-controlled scanning of the semiconductor. By scanning the laser beam over the sample
optical beam, the technique can be used as a prototyping tool via computer-controlled translation stages, micrometer-scale
for developing and testing new integrated optic circuits. In trenches can be formed in the GaAs layer in any desired
addition, its ability to contour easily the lateral and longitudinal pattern. For most experiments, the laser wavelength was L
effective index profile offers the potential for fabricating novel 275 nm; the laser spot size was about 2 i~m (full width at
integrated optic devices [3]. The technique is capable of 1/e intensity); the etchant was HCI:HNO 3:H20::4:1:50; and
patterning low-density features with long lineal dimensions the substrate was a vertically single-mode waveguide structure

over comparatively large planar areas, for application to both consisting of a 1.3-Im layer of n-GaAs on a 2 .7-lim layer

optical packaging and integrated optic circuits. This capability of n-Al0.1Ga0.9As. For all experiments, the IR light was TE-
is matched to the requirements of arrays of waveguides and polarized, and the wavelength used was 1.3 pm, at which

switches, typical of switching fabrics, arranged over areas nG&A, = 3.4049 and nAG,,A, = 3.3566. f
which are large, e.g., '-10-100 cm 2, in comparison to those In the GaAsIAIGaAs heterostructure, IR light is confined

characteristic of IC die. In this connection we note that writing vertically within the higher refractive index GaAs layer. By

techniques have been reported to be useful for semiconductor etching two grooves partway through the GaAs layer as shown
[1), (2] polymeric, [4]-[6], and LiNbOj [7] waveguides. in Fig. 1, light is confined in the region between the grooves

However, before writing of prototype circuits can be made by virtue of the greater effective index in the unetched region

possible, it is neccssary to demonstrate that low-loss, single- compared to the etched region [1], (2], as in a conventional rib
mode waveguides can be written on low-loss substrates. Fur- or ridge waveguide. Note that this trench-dcfined waveguide b
ther, it is necessary to be able to write the "building-block" geometry differs from the geometry used in many other reports

structures or basic passive devices which are necessary to of lascr-written waveguides.
route light across the surface and into clectro-optic switches. In An important consideration in device fabrication with this
addition, these devices should have predictable characteristics, new technology is to have sufficient control of processing to *-

describable by an appropriate elecromagnetic model. build useful devices. For example, in order to allow flexible
design of single-mode wavcguides and the optoelcctronic lie.

Manuscrip recived ianuary 21, 192; e vimcd Jtine Iao. 1902. devices based on them, it is necessary to have sufficiently if
Unmchity. New Y Miki NY 10027. high resolution to allow close positioning of the trenches, r.

IEEE Log Number 9203419. This requirement presents a potentially serious problem since

0733-8724,4)2$03 00 0 1992 IEEE
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Fig. 2. S ,hcnatic diagram Of %3VCguidC characIcnZAlion sciup

Fig. I. SEM photograph of a single-mode waveguide etched in
GiA.VAt~aAs (10"6 cm- 3 ).

for waveguide applications free-carrier absorption limits the
doping to low values (<_ 101' cm-3). This low doping level
results in a long diffusion length for carriers in the solid
(Q 7 jina), thus making it difficult to obtain high resolution.
In connection with our waveguide device research, we have
studied electrochemical factors which influence the resolution
of our process (91 and have been able to obtain high resolution
at low doping, as demonstrated in Fig. 1. This result was
achieved through the discovery of appropriate electrolytes
which have sufficiently high chemical reaction rates without
the use of an applied bias. The latter point is significant since
the ability to perform electroless etching using these elec-
trolytes greatly simplifies the fabrication process. Wavcguides
have been etched in heterostructure material doped as low as
1014 em-3 , which is important for fabrication of electro-optic
devices in which the depletion width must be sufficiently large
to allow penetration of the electric field into the region of the
optical mode.

Ill. WAVEGUIDE CiARACTERisTCs Fig. 3. Oplical photogpaphs of 'aveguide output intensity pafterns itlus.
Rib-like waveguides were fabricated as described above, traitng single-mode (upper) and muhimode 0-or) behavior. The trench

"separation ,as 6 Pm (or the single-mode guide and 10 pm for the mulli-mode
and their modal and loss properties were measured as a guide. In both cascs, the trench depth was 065 pm.
function of geometric parameters. The basic characteristics of
these unconventional groove-defined waveguides can be de-
scribed by simple analytical models using appropriate effective of 6 lim, only one central bright spot can be observed,
waveguide dimensions as will be shown in the following, demonstrating single-mode operation. For the second case,

In order to perform the waveguide measurements, the 1.3. with a somewhat larger separation of 10 Ism, two intense lobes
lim light of a laser diode was directed through a polar- can be seen, indicating muhimode behavior.
ization maintaining fiber, whose cleaved output facet was In order to analyze more quantitatively the modal properties
butt-coupled to one of the cleaved ends of our samples. of these structures, several waveguides were fabricated with
The lightwave output from the other end of the device was different trench depths and trench separations, and were clas-
imaged onto an IR camera using a microscope objective. Thus, sified as single-mode or multimode according to the number
the intensity pattern could be viewed on a TV monitor. A of lobes observed in the imaged intensity pattern. The results
schematic diagram of the waveguide characterization setup are shown in Fig. 4. Here, the effective waveguide width is
is shown in Fig. 2. By displacing the fiber so as to launch defined by the trench separation minus the trench width, and
light asymmetrically into the waveguide, higher order modes, corresponds to the approximate width of the flat portion of the
if present, would be excited, and appear as multiple lobes rib (see Fig. 1 and the inset to Fig. 6). For shallow trench depth
on the monitor. Fig, 3 shows optical photographs of two or small trench separation (yielding small effective waveguide
such intensity patterns for waveguides with different trench width), single-mode operation is achieved. Also plotted in the
separations. In the first example, with a trench separation same figure is the theoretical single-modc/niultimode boundary



t6t3 JOURNAL OF UGHT'*AVE TECHCNOLOGY, VOL. 10. NO It. NOVýMBFR 19"

6 0mods 103 H
0

.. ,il Mof-t~
E 0 o~w

a 0 0
4h' 0 06 10. o

a 10 02%sjim
00 245Sa

3 A
0!00

Uj 0 0 -.-w 0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0 1 2 3 4 5 6 7 g 9 10
Trench Depth (am) Waveguide Lenglh (mm)

Fig. 4. Modal characteristics for waveguidcs fabricated with different etch Fig. 5. Waveguide transmission versus length obtained by the cutback
depth and trench separation. The solid curve represents the theoretical sin- method. The graph shows data for wa.eguidres at va•ious laser powers )w eldsng

gte-mode/multimode boundary calculated as described in the text. different etch depths. The trench separation was fixed at 7 pim.

50'
curve obtained from the following inequality:

wS < for single mode. (1) 30

Here A is the wavelength of the light, ti'9 is the effective 'A

width of the waveguide, N4 f(l) is the effective index of the . 2
original slab waveguide etched to depth 1, and d is the trench
depth. This relation is obtained using effective index theory E tO 0

to reduce the two-dimensional waveguide cross section to that L4100

of a one-dimensional slab waveguide in the lateral direction, - 0
in which the effective index Nff is a function of the local 0
etch depth [10]. The usual dispersion relation for a symmetric 0.0 0.1 0.2 03

slab waveguide is then used to obtain the above expression. Rib Height (jm)
The figure shows that this approximate theory gives a good
description of the modal properties of our waveguides and is (Loss. 0.6 dcm with Dual Trench)
thus a useful criterion for designing new waveguide structures. Fig. 6. Waveguide loss versus rib height obtained from the data shovn in

From the previous result, we find that for all but the Fig. 5. The solid curve is the result of a model which includes radiation and
scattering loss as described in the text. In computing the radiation loss. salues

deepest trenches, a trench separation of 6-8 jim generally of t,, = 4 /in and set = 4 ,is iwere used. The scattering loss was estimated
yields a single-mode guide. Therefore, the trench separation at 0.6 dB.'cm. cortesponding to a surface roughnes of about 6 rim. The inset

was fixed at 7 pim, and several guides of different trench shos the idealized waveguide geometry assumed for the calculation.

depths were fabricated in order to determine the waveguide
loss versus etch depth for single-mode guides. To measure the applications. Also plotted in Fig. 6 is the calculated result from
loss, the IR camera in the previous setup was replaced with a theoretical model for estimating the loss in these waveguides.
a photodetector. By using the cutback method, we obtained In constructing ibis model, which is described in the next few
the power transmitted by the waveguide as a function of paragraphs, we have assumed an idealized geometry for the
waveguide length. This was done for several laser etching waveguide structure, as shown in the inset of Fig. 6.
powers, yielding different trench depths. The results are shown For shallow trenches, the loss is dominated by radiation
in Fig. 5, with rib height as a parameter. The rib height is due to light tunneling through the finite-width etched region
defined as the thickness of the GaAs waveguiding layer in the and propagating laterally into the exterior of the guide, while
cote minus the thickness of that layer in the etched trench. for sufficiently deep or wide trenches, the loss is limited by
As the laser power is increased, yielding deeper trenches, the scattering due to surface roughness at the air/GaAs interface.
light is better confined. Previous analysis yields the following approximate expression

Thc slopes in Fig. 5 give the loss coefficient of the wave- for the radiation loss coefficient [to]:
guides. This value is plotted in Fig. 6 as a function of the rib
height. As the rib height is increased to about 0.25 jim. the 80 3 a
waveguide loss decreases and eventually reaches a value of =exp(-2"u'r). p
0.9 dB/cm. which is a suitably low value for integrated optics fJ(l + -1'9/2)(2 + ,1)2 -
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Ilere, leg is the effective width of the guide, ,tr is the
effective width of the trench. JI and s are the lotgitudinal
"and transverse propagation constants, and -) is the transverse
decay constant, Thesc propagation constants are computed STRAIGHT
using effcctive index theory as deNcribed earlier. Note that AND BENT
"the above expression is valid for exp( -- "ivu,) < I. WAVEGUIDES

In computing the scattering loss it is necessary to consider
potential contributions related to both vertical and lateral
confinement. For our waveguides, simple estimates show that
the vertical scattering loss dominates. This is essentially due
to the fact that the index difference at the air. GaAs interface,
which confines the light vertically, is much larger than the
effective index difference between the etched and unetched . - Y-BRANCHED
regions, which produces lateral confinement. The calculation WAVEGUIDE

of the vertical scattering loss is complicated by the fact that
at the air/GaAs interface, portions of the wave near the center

k of the guide see a surface roughness which is different from
that near the etched trenches. The scattering loss is thus .
estimated from an effective average surface roughness a uwing
the following well-known expression Il -I]: TAPERED

cos i6.- -,.: ;-, . " . -. ,, " WAVEGUIDE
2 l + il (3) 2 .0/... . ..

, and 6 are the decay constants in air and Al aAs, Fig. 7. Optical photograph, lu,,trairng %ariouspiv,,e %h acgudingde•,ices

Here, -T andricared hn a's,ksctly using 1d%.1 etching.

respectively, h is the thickness of the GaAs slab, nff is its
refractive index, and sinG . N,qrf(O)/rj.refracin e Fignd6ex pl sum o f teradiatonossshown in Fig. 7. Note that %hen etching such structures, whichI n F i g . 6 w e p l o t t h e s u m o f t h e r a d i a t i o n t o s s , w h i c h a r c o p s d f m n y o n e t d l e s g e t , w e h vis a function of rib height through the effective index, and are composed of many connected line segments, we have
isafunestimat of tibheigscatteringh l.the sfcattveing x l wasd found that it is important to avoid stops and starts at the variousa n e s tim a te o f th e sc a tte rin g lo s s . T h e s c a tte rin g lo s s w a s l n o n h c o l a s o b e e c i g n e e i r t
calculated as 0.6 dB.'cm, corresponding to a surface roughness line joins which would caue double etching, and deteriorate
of about 6 nm. As can be seen in the figure, the agreement device performance. Therefore it was necessary to develop
between theory and experiment is quite good. Furthermore, our control system so that it would continuously scan one

from the expression for or, we can see that a wider etched axis, while appropriately stepping or varying the velocity of

region (larger wi) should yield lower radiation loss. Therefore, the other axis to achieve the desired pattern.

waveguides were fabricated using pairs of trenches (separated Waveguide bend and branch losses were measured as a fune-
by 2 pm) on either side of the rib in order to create a wider tion of the relevant angle. This measurement was performed

etched region. The los for such dual-trench waveguides was by detecting the output of each device and normalizing to
found to be reduced to only 0.6 dB/cm, in agreement with the ",utput of a straight waveguide fabricated on the same

the trend predicted above. Note that an alternative means of sample under the same etching conditions. This normalization
creating the wider etched region might be to use appropriate removes any coupling, radiation, or other losses that are
optics to form a broader, rectangularly shaped beam profile. present, and yields only the loss of each geometric transition.
Any further attempts to reduce the waveguide distributed The results are shown in Figs. 8 and 9, in which transmission
loss would probably be limited by scattering at the air/GaAs is plotted as a function of device angle. In both figures we
interface; thus the deposition of a higher index overlayer on observe the expected behavior, namely for shallow angles,
the GaAs would be expected to be important to further reduce most of the light is transmitted, while for higher angles, losses
losses. become significant. For bends and branches, the losses arc less

than I dB for angles less than 20. Furthermore, the average
IV. PASSIVE WAVEGUIDING DVI)Ev-s splitting ratio for Y-branches was found to be 48/52. Thus

the performance of these devices is comparable to that seen in

structures fabricated by conventional means.' 2

Note that the Y-branch results shown in Fig. 9 are not for
The need to direct light between various components of an the simple design pictured in Fig. 7, and shown schematically

optical circuit requires several passive waveguiding structures in Fig. 10(a). When Y-branches were etched in that fashion,
including tapers, bends, and branches. Due to the maskless the branch region became distorted during the etch process at
nature of our processing technique, such structures can be the inner "V" point due to the double etching at the tip of the
conveniently fabricated by simply feeding the desired patterns "V" where the trenches overlap. This distortion was especially
into the software controlling the apparatus. Several passive significant for shallow angles. The effect of the double etching
waveguiding devices were etched in this manner and are was the narrowing of the waveguiding regions in the vicinity
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Full Branchi Angle (dog) computing the overlap integral between the incident field and

(Average Splitting Ratio - 48/52) the transmitted field with a tilted wavefront, one can obtain

Fig. 9. Waveguide Y.-branch transmission versus full branch angle. The solid the transmitted power as 1t12 where t is the transmission

curve is the result of a model based on computing the overlap of modes coefficient. For bends, the incident and transmitted fields are
with tilted wavefronts as described in the text. The parameters used in the
calculation were u-, = 4.5 pm and d = 0.1.5 ,im. cos(,x) XIl < a

E,(x) - cos•(,)exp[--3'(I-x- a)] Ixl>a (4)

of the overlap, which induced additional losses. In order to Et(z) = E,(x)eb-•'ino. (5)

circumvent this problem, an alternate approach was taken. We

started etching the trenches of the "V" further forward toward Here, 31, K<, and 'y are as previously defined, 2a - '2, and a

the point where the separation between their centers was equal is the bend angle. The transmission coefficient t is given by

to the trench w.dth; in this case the edges of the trenches

barely touch. This design, shown schematically in Fig. 10(b), J. E. • E•dx _ [_ o

resulted in lower losses as expected. However, this approach E = 2 I_ E,. E, +d.

suffered from another problem. Since the two branch arms J-_. IE,1I2. f- o f E I'd+r

were separated by some distance, the overlap with the central (6)

part of the incident waveguide mode was poor, resulting in Performing the integration yields the following expression for

losses which were not as low as desired. To obtain further the bend transmission:

improvement in Y-branch performance, a "tail" was added 1 . 1

to the branch region in order to more effectively split the t = 1 sinc(qn) + - sin•[(2K + q),i] + sinc[(2h - q)nl

mode before the actual branching region. This design, shown -'-22

schematically in Fig. 10(c), reduced the losses even more, and cos2 Ka "Na

was used for the data in Fig. 9. + 2(4- 1 q2  (2"cos1a - qsirqn)j. (7)

The general behavior seen in Figs. 8 and 9 can, in fact,

be modeled through approximate analytical expressions. By Hlere q - /i•f.sitn and sint(.r) =- sin(r)/r. Similar analysis
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Fig. It. A compact dircclionjl coupler falricatcd niaskletsly uing laier Fig. 12. A pasile Mlach-Zchndcr interfer-ter deice fabricated

• etching. The device is formed from Mio parallcl was cguidcs defincd by Ivo makleslty uing lawr etching.
deep outer trenches and one shallow comaton trench. The coupling coefficient
is controilcd by the depth of the central common trench.

V. CONCLUSION
yields the following result for Y-branches [131: In summary, the technique of laser-induced photoelectro-

chemical etching has been used to fabricate low-loss single-

'"U modc wavcguidcs and passive wavcguiding structures and
+ - +- sin(-) + 2e'&Gsinct(2K + q) devices. The maskless nature of this processing technique

makes it a useful tool for prototyping integrated optic circuits
_ -a[ -4) +i(2 cOs2 Ka and for use in optical packaging. Although not discussed in

(2y - iq)a this paper, unique characteristics of the process, such as the
ability to locally control the etch depth, offer the potential

(8) for fabricating novel integrated optic device structures. In
particular, the potential of graded effective index structures for

1lere, the variables are as described above except that a is the loss reduction in waveguide tapers and bends deserves special
half-angle of the branch, and the waveguide parameters ), K, mention 12], 131. The impact of low-loss waveguide tapers
and - are for a guide with twice the width of the Y-branch in reducing coupling losses between waveguides and insertion
arms. These expressions are plotted in Figs. 8 and 9 along losses from fibers into substrate-based devices is an interesting
with the experimental data. This model agrees well with the and important issue which laser fabrication techniques may be
experiment for the range of angles used. capable of addressing,

Finally, the techniques and devices discussed in this paper
B. Additional Passive Devices are being used to fabricate active devices such as electro-optic modulators and switches, as well as useful passive

The basic passive structures described above have been devices such as wavelength selective filters and wavelength
used as building blocks to fabricate more complicated pas- demultiplexers. In particular, we have developed an amplitude
sive devices. For example, it is possible to form a wave- modulator based on our waveguides which demonstrates high

Sguide coupler by aligning two waveguides adjacent to each extinction ratio and low switching voltage. These results will
other and using only a single central trench. In this de- be described in a separate work.
vice, coupling can be conveniently varied by adjusting the This research was supported by the National Center for
depth of the central groove over a specific interaction length Integrated Photonic Technology and the Air Force Office
along the waveguide axis. This approach permits a more of Scientific Research/Defense Advanced Research Projects
compact coupling geometry than is possible with designs Agency.
based on waveguide separation. Such a coupler is shown in
Fig. 11.
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Fabrication of Narrow-Band
Channel-Dropping Filters

M. Levy, L. Eldada, R. Scarmozzino, R. M. Osgood, Jr., P. S. D. Lin, and F. Tong

Abstruct-In this letter we describe the first fabrication and power at the expected wavelength and within the expected
demonstration of nmicrow-band channel-dropping filters which range of efficiency and bandwidth for our designs.
have recently been proposed for use in high-bit-rate communica-
tion systems. The devices use waveguide couplers combined with CDF PRINCIPLE AND DESIGN
quarter-wave shifted DFB resonators and can, in principle,
produce resonant transfer of 50% of incident power with sub- A diagram of the CDF described in this work is shown
angstrom bandwidths. Our results show resonant transfer of in Fig. 1(a). The device basically consists of two coupled
power at the expected wavelength and within the expected range waveguides, one of which has a quarter-wave shifted DFB
of efficiency and bandwidth for our designs. resonator in the coupling region. This device produces

resonant coupling of light to the receiver arm in an

INTRODUCriON extremely narrow wavelength region, while allowing the
remaining wavelength signals to pass unperturbed through

ITIHE increased interest in dense wavelength division the transmission bus. This narrow bandwidth results from
X multiplexing for optical broadcast networks has gen- the high Q of the resonant DFB cavity, and can be

erated the need for a narrow-band optical filter which can controlled by adjusting cavity losses through the inter-
be used to extract a single wavelength signal from a waveguide coupling between the bus and the resonator,
multiple wavelength optical bus. Wavelength division mul- the position of the quarter-wave step and the magnitude
tiplexing can be used to increase the network capacity by of the grating coupling constant. While it is possible, in

partitioning the large fiber bandwidth into narrow chan- principle, to incorporate amplification into the CDF, we
nels spaced appropriately [1], [2]. For example, if the confine our efforts here to a demonstration of the basic
communication is at a wavelength of 1.55 A.m and each passive device.
channel is given a bandwidth of say 5 GHz, one needs The design of our device was based on several require-
optical filters of the order of 0.5 A bandwidth. ments. In order to have the device operate at a resonant

Recently, a novel design for a narrow-band channel- wavelength near 1.55 Am, the grating spacing was chosen
dropping filter (CDF) has beer proposed by Haus [2]. The to be A = 232.5 nm (Ars = 2 Anflff). The grating fabrica-
filters use waveguide couplers combined with quarter-wave tion process produces rectangularly shaped gratings, and
shifted DFB resonators, and are capable of selecting is limited to an etch depth of the order of the grating
channels significantly narrower than 1 A bandwidth, by spacing. To be conservative, we chose a grating depth of
appropriate choice of the coupling parameters in the 180 nm, giving a grating coupling constant, K, of the order
device. In this letter we demonstrate the fabrication and of 70 cm -' for our waveguides. Next, several physical
operation of such a device for the first time. The wave- constraints were used to determine the waveguide cou-
guide coupler and other waveguide components are pro- pling constant, At, and the length of the coupling/grating
duced using a technique we have developed for prototyp- region. Maximum power transfer to the resonator arm is
ing integrated optical devices by maskless laser etching of achieved when [2]
GaAs [31; once tested, these components can be made by
-eore conventional planar processing. The grating is pat- 1 { IIK:-

temed in photoresist using e-beam writing and etched Lb = - In 2- , La ) Lb (1)
using chemically assisted ion beam etching. The device
has been tested and the results show resonant transfer of where La and Lb are, respectively, the lengths of the

Manuscript received August 17, 1992. This work was supported by the grating before and after the quarter-wave step in the
Defense Advanced Research Projects Agency/Air Force Office of Sci- asymmetric DFB cavity. In order to minimize the difficulty
entifit Research and the National Center for Integrated Photonic Tech- of fabricating the grating over too long a length, we chose
nology and the U.S, Army Research Office. to ;imit the total length of the coupling/grating region to

M. Levy. L. Eldada, R. Scarmozzino, and R. M. Osgood, Jr. are with
Columbia University Microelectronics Sciences Laboratory, New York, 1 mm to reduce potential registration problems between
NY 10027. the 80 A.m long fields of the e-beam writing system. Given

P. S. D. Lin is with Bellcore, Red Bank. NJ 07701. the above constraint on the total length. along with calcu-
F. Tong is with IBM T. J. Watson Research Center, Yorktown

Heights, NY 10598. lations which showed that reasonable transfer requires
IEEE Log Number 9204690. L ' > - Li,, this limited Lh to < - 400 Am. and implied

1041-1135/92503I00 l; 1992 IEEE
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Fig. 2. Theoretical response of the channel-dropping filter diagramed
in Fig. 1(a) for the design parameters shown in the figure.

Al 0 1Ga 0 eAs cladding layer, doped to the samie impurity
level. The substrate was n-type GaAs. The device illus-
trated in Fig. l(a) was etched in the top GaAs epilayer as
follows.i.;.. The waveguide components were produced using a

""2prm maskless fabrication technique developed in our laborato-
ries and described in detail elsewhere [3]. The process

(b) (c) uses a focused laser beam to etch photoelectrochemically
shallow, micrometer-scale grooves in GaAs [41. These

Fig. 1. (a) Schematic diagram of a channel-dropping filter design. (b) gro w, serv et er the grooves in in The

Optical photograph of a channel-dropping filter fabricated in GaAs. (c) grooves serve to lower the effective refractive index in the
SEM photograph of a short length of the grating showing the quarter- region under the grooves and thus guide light in the
wave (half-period) step. epilayer region between the trenches. The technique pro-

duces single-mode waveguides with losses as low as 0.6-0.9
dB/cm [3].

S> - 3 cm-' by (1). Studies of interwaveguide coupling The above technique was particularly useful in proto-
showed that A's of 1-50 cm-1 were obtainable with our typing the channel-dropping filters since it allowed simple
waveguide design. To achieve a narrow filter width we controlled adjustment of the coupling coefficient for each
kept p. small, since the ratio of the bandwidth to the stop of several devices fabricated on a single sample. The
band is proportional to (p./K)

2
. Due to the logarithmic coupling adjustment was made primarily by varying the

dependence of Lb on p. expressed in (1), a significant depth of the central trench.
reduction in device length, while maintaining na-row After the waveguides were fabricated, registration marks
bandwidth, would not be possible without a much larger K were etched in the sample to allow precision alignment of
than was available to us. The final design parameters and the grating with respect to the waveguide coupling region.
the theoretical performance of the device are shown in The gratings were then patterned in photoresist using an
Fig. 2. This response is obtained from nimerical solution e-beam writing system. As noted earlier, the field length
of the coupled mode equations presented in [2], with the of this apparatus is only 80 Am, thus the field pattern had
addition of the effects of waveguide loss and of different to be repeated many times to cover the 1 mm coupling
waveguide propagation constants at the resonant wave- region, which included the quarter-wave step. Finally. the
length. "l be figure shows a broad spectrum including the gratings were etched using a chemically assisted ion beam
stopband and the inset shows the detail of the resonant etching system.

peak. The graph indicates that for an ideal device match- An optical photograph of the fabricated device showing
ing the design parameters, nearly 50% power can be the coupling region and part of the input and output
transferred, with an expected FWHM bandwidth of 0.3 A. waveguides is given in Fig. 1(b). An SEM photograph of a

short length of the grating showing the quarter-wave
FABRICATION (half-period) step is given in Fig. 1(c).

The device was fabricated on a GaAs slab waveguide
heterostructure. This structure consisted of a 1.3 gm RESULTS AND DISCtSS1ON

thick GaAs waveguiding epilayer, silicon doped to an The device was tested as follows. The output from an
impurity level of n = 1016 cm-3, and a 2.7 pAm thick HP 8168A tunable laser source was sent through a polar-
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ization maintaining fiber, and TE li'ht was launched into 50
the input waveguide by butt coupling the fiber to the -,2
cleaved end facet of the device. The output of the device - 4 i

was imaged onto an IR camera or detector using a micro-
scope objective, and an aperture was used to select the T
light emanating from either the receiver arm or the trans- o
mission bus. A chart recorder was used to record the
signal in the receiver arm as a function of wavelenglth. 2, ' PDr.

The measured response in the receiver arm is shown in
Fig. 3. Fig. 3(a) shows the resonant response and the - ,
response outside the stopband. Detail of the resonant C. Spbai

response is shown in Fig. 3(b). All six of the CDF devices .
fabricated exhibit the two main peaks which appear in the 15. 155 Z 56",

stopband. These peaks are entirely repeatable and repro-
ducible from scan to scan for each device. The narrow
peak at about 1552 nm is the fundamental resonant 50

response for the 6evice, and is discussed in the following
paragraph. The nonzero background signal in the stop- t 4 " A
band may result from leakage of light from the transmis- !K°i 0

sion bus into the receiver arm in regions outside the I'
effective range of the grating (e.g.. in the Y-branch). The C 30-

large lobes at the edges of the stopband are characteristicof this type of filter (as shown in Fig. 2), but their medium 1; 20t j'l , i
scale structure depended on the particular device and is - tr

not a permanent feature of the response. The response o
outside the range shown in Fig. 3(a) eventually levels off 0 i
and becomes independent or wavelength. The high fre- 0
quency variations present throughout the entire signal are 1550 1551, 1552
due to Fabry-Perot resonances from the end facets of the .. (mm
device, and are observable with thi6 measurement appara- ,b,
tus when looking at the transmission of a simple straight Fig. 3. Measured response of the CDF shor, in Fig 1. h)- c) oxcr the
waveguide. This is shown in the inset to Fig. 3(b). These wavelength ranges (a) 1540.0- 1560jQ nm and (b) 4595-Z15525 nm Thc
high frequency variations would be eliminated in a practi- inset gives the response of a straight %a~eguide. and shows Fabr%-Pero,,
cal device through the use of antireflection coatings on pcaks similar to those exhibited hy the CDF

the waveguide facets,
The most important feature of the response is the ing an additional resonance at a wavelength - 1-3 nmpronoun~ced narrow peak at about 1.5518 •m, which iga diinlrsnnea aeegh~13n

less than the fundamental. These modes could be elimi-exhibits a FWHM bandwidth of 0.8 A and a power trans- nated b refinements in the waveguide design. In addition.
fer of about 30%. The peak position is in good agreement i
with the expected resonant wavelength of 1.5508 Atm. and since the light from the fiber is launched close to the

the power transfer is also in the predicted range. Further. grating/coupling region ( - I mm), a band of radiation
modes may still be present at the input to the coupler

it was found that this peak was accompanied by a corre- structure. and these would couple through the grating intosponding decrease in the power observed in the transmis-siondngsdereaseift in the poweakfrobservedm the enternsmthe output. In a practical integrated structure. these modes
sion bus. The shift of the peak from the center of thewolhaelrdybnstipdfmteipuba.

stopband can be shown by theoretical calculations to

result from a few degree error in the quarter-wave phase. CONCLUSION
The bandwidth is somewhat larger than expected. but this
may be due to several factors including fabrication error In summary. we have fabricated the first channel-drop-
in the etch depths which determine the coupling coeffi- ping filter of the type proposed in [2]. and have demon-
cients, misregistration in the fabrication of the grating, or strated the basic principle of operation. The results show
higher than expected waveguide loss. resonant transfer of power at the expected wavelength

The response also shows a much broader peak at 1.5500 and within the expected range of efficiency and bandwidth
Am, with a FWHM bandwidth of about 4 A and a power for our designs. Further work is underway.
transter of > 30%. The presence of this additional peak
can be anticipated from the presence of waveguide aodes ACKNOWLE-DGMENT
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ABSTRACT

Recent advances in thin-film-magnet and Bi-YIG film technologies have opened up the

possibility of fabricating very compact magneto-optic structures. In this paper we demonstrate

for the first time that these new technologies can be brought together to make a thin-film-magnet

magneto-optic isolator for use in optical packaging and integrated optical circuits. The device

operates at a 1.55 pm wavelength and uses a waveguide etched into a Bi-YIG film whose linear

birefringence has been tuned to near zero at this wavelength. The Bi-YIG's magnetization is

saturated by a thin ferromagnetic film. Isolation ratios of -21 dB have been obtained.

* Present address: Department ef Physics, Southwest Texas State University, San Marcos, TX

78666
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There is a persistent need for a compact optical isolator in optical packaging and

integrated optical circuits. Current isolator technology is limited by the requirement for bulk

magnets to induce Faraday rotation in YIG or Bi-YIG crystals. A thin-film magnet would allow

a considerable reduction in size relative to current designs, and, more important, it would also

open up the possibility for fully integrating optical isolators on a single wafer.

Within the last decade there have been significant advances in both thin-film magnets and

bismuth-yttrium-iron-garnet (Bi-YIG) film technology. For example, it is now possible to

fabricate single-crystal films of iron or iron alloys." These films are grown by molecular beam

epitaxy on GaAs substrates and have large magnetization densities and good coercivities. High-

magnetization polycrystalline films of samarium-cobalt or neodymium-iron-boron with

coercivities as large as 15 kilogauss can also be grown by electron beam evaporation.3 In

addition, recent advances in Bi-YIG film technology have made it possible to fabricate ridge-

waveguide Faraday-rotation isolators having zero linear birefringence and isolation ratios of -35

dB.'

The availability of metallic films, which could serve as miniature permanent magnets.

opens up the possibility of fabricating very compact magneto-optic structures. In this paper we

demonstrate for the first time that these new technologies can be used to make a thin-film-magnet

optical isolator. The basic structure of this device, as shown in Fig.la, consists of a magnetic

film on top of a Bi-YIG waveguide, separated by an appropriate buffering material.

Alternatively, the film may be placed on the sides of the waveguide ,idge, as shown in Fig.lb.

Our tests use a 1.5-pm-thick epitaxial iron-cobalt film, but the results are applicable to

the other magnedc films mentioned above, or to high-magnetization ribbons of sintered magnetic
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powders. The results presented here demonstrate that these very small magnets can be used in

a working waveguide magneto-optic isolator. The tests are carried out on the first type of

structure shown in Fig.la, but they also apply to the other scrtcture since the magnetic field

induced in either case is approximately the same within the optical channel of the isolator.

There are several characteristics of Bi-YIG and metal-film technology that make this

isolator workable. First, the easy axes of magnetization for the Bi-YIG are nearly in-plane.'

Therefore the unavoidable small vertical components in the magnetic field which are necessary

to close the flux loops do not disturb the saturation of the Bi-YIG magnetization. Second, the

saturation field for the Bi-YIG is relatively small - as low as 10 Oersted or lower. Third, the

iron-cobalt film has a large magnetization and can generate a return flux capable of saturating

the Bi-YIG, even though the magnet's thickness is only of the order of 1 pm.' Fourth. the

specific Faraday rotation of the Bi-YIG is large enough to provide the needed 450 rotation in the

small distances over which the metal film can saturate the Bi-YIG.

In order to determine the feasibility of utilizing iron-cobalt alloy films with waveguide

YIG structures, we calculated the magnetic field induced by a typical film along the length of

the waveguide. For the geometry shown in Fig.2a, the field can be written as a surface integral

involving the normal component of the magnetization.s The expression for the total magnetic

field separates into two terms, one from each of the two magnetically-charged pole faces of

opposite sign, normal to the direction of magnetization. The field term due to a single face is

given by



4

H(x) = ffdxu nM •. ..x-x .

S 11 3 Eq.(,)
E (Xr -x,-)£j

where the integration is over the face area, S. and the expression is in Gaussian units. M is the

magnetization density, n is the unit vector normal to the face, and the Cartesian coordinates are

as shown in Fig.2a. The dimensions of the magnetic film are L x 2b x h. In order to solve this

integral exactly it is necessary to resort to numerical methods. For the case where b >> L,

however, Eq. I can be expressed in closed form. Letting b -+ c, we obtain,

HAOx3,,) = 2 M. n (arctan x3-h _ arctan X, Eq.(2)
X, Xt

H (x1,O,x,) -3- nn ___2_x__) Eq.(3)

for a face at x = 0.

Figure 2b shows the magnitude of the horizontal field as a function of L, at a position 8

pm below the surface of the magnet and at the midpoint between the two magnetically charged

ends. This is the point where the horizontal component of the magnetic field is smallest in the

waveguide, except for a small region directly below the faces. The calculation is for the case
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where h = 1.5 pm and 4gM = 21,000 Oersted, which are typical of our experiments. The vertical

field component is always a small fraction of the horizontal component, except very near the pole

faces. To avoid domain formation near the ends of the waveguide due to large vertical fields,

the magnet should overhang the ends of the waveguide by a small distance of the order of 10 prm.

The inset to Fig.2b shows the horizontal and vertical components along the length of the magnet

for the case of L = 3 mm.

Since saturating fields of 10 Oersted or even lower are routinely attainable for Bi-YIG

samples with in-plane easy axes of magnetization,4' 6 the calculation shows that these iron-alloy

films induce enough magnetic flux to saturate the isolator. Figure 2b shows that to maintain a

minimum field in the range of 5 to 10 Oersted requires a magnet with a maximum length

between 2 mm and 4 mm.

For the tests reported in this letter, the iron-cobalt alloy film, together with its GaAs

substrate, was placed film-side down on top of the Bi-YIG isolator. We anticipate that full

integration can be achieved, however, by either detaching the magnetic film by means of epitaxial

liftoff techniques, evaporating polycrystalline films directly on the YIG crystal, or bonding thin

sintered magnetic powders onto the Bi-YIG surface. We are presently investigating these

possibilities.

The iron-cobalt alloy films used in our experiments are single-crystal films, grown by

molecular beam epitaxy on (110) GaAs substrates. Their alloy composition was 30% iron and

70% cobalt. These novel films2 have a single easy axis of magnetization along the JTI0>

direction of the GaAs and a higher coercivity than pure iron films. Hysteresis studies of these

films show a flat rectangular response to an applied magnedc field and a coercivity of about
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50 Oersted, with a remanent 4xM of about 21,000 Oersted.' TUc GaAs substrates were cut into

rectangular shapes of different lengths, with the variable-length short side along the <"10>

direction and the long side equal to 1 cm in length. The iron-cobalt films were then grown on

the GaAs such that the easy axis of magnetization was along the short side in the rectangular

film. For the experiments described here, the iron-cobalt alloy film was an assembly of two or

three samples joined to form a length of 4.0 mam. The results did not depend strongly on which

film set was used.

The waveguides used in these experiments were triple-layer Bi-YIG films4 designed to

support single TE and TM modes. The films were grown by standard liquid phase epitaxy on

(I1 )-oriented gadolinium-gallium-garnet substrates. The top two epilayers have a nominal

composition (,Bio.sYz.)(Fe 3.,Ga1.)Oz. The films were subjected to annealing procedures described

in References 4 and 10 to ensure near-planar magnetization anisotropy of the upper layers. The

linear birefringence was reduced to zero at a wavelength near 1.5 pm by etching the top surface

in phosphoric acid.4"' This novel etch-tuning method makes use of the opposite signs of stress-

induced birefringence and the thickness dependent shape birefringence in the top layer to ensure

a linear increase of the Faraday rotation angle with distance when the magnetic field is parallel

to the light-propagation direction. Ridge waveguide patterns were then etched into the surface,

parallel to one of the easy axes of magnetization of the Bi-YIG sample, and a thin silica

overlayer was sputtered over it to tune the zero birefringence to a wavelength near 1.55 pm.4

This silicon oxide layer acted as a buffer between the metallic iron-cobalt film and the

waveguides.

The Faraday rotation in the Bi-YIG films was measured to be 127*/cm at a wavelength
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of 1.55 pm. The sample was therefore cut to a length of 3.55 mm to provide 450 of rotation, and

the edges were optically polished.

Linearly polarized light at 1.55 pzm from a DFB diode laser was then coupled into one end

of a ridge waveguide through a polarization-maintaining single-mode fiber. The light emerging

from the other end was collimated with a microscope objective, passed through a metallic thin-

film near-infrared analyzer, and detected with a germanium photodetector coupled to a

multimeter. Magnetization with a bulk magnet showed 450 Faraday rotation, as expected.

A fully-magnetized 4 mm iron-cobalt alloy film together with its GaAs substrate was then

placed film down on top of the Bi-YIG sample, its magnetization parallel to the waveguiding

ridges, as shown in Fig.la. The iron-cobalt film was found to induce a large Faraday rotation.

However, the typical rotation was smaller than 45*, showing that the film magnet did not fully

saturate the magnetization along the whole length of the waveguide. Therefore the Faraday

rotation measured depends on the previous magnetization state of the Bi-YIG. If the Bi-YIG

sample is poled by an external magnet for clockwise Faraday rotation and the iron-cobalt film

is then placed over the optical channel so as to induce a counterclockwise rotation, we obtain a

counterclockwise Faraday rotation of about 30*. This implies that the iron-cobalt alloy film

saturates nearly 80 to 90 percent of the length of the waveguides in the above sample. According

to the mathematical model presented at the beginning of this paper, the above result implies that

the saturation field is about 5 to 6 Oersted for our Bi-YIG sample.

If, on the other hand, the iron-cobalt alloy film is oriented so as to produce a clockwise

rotation, the same as that of the original poling magnet, the Faraday rotation induced in the Bi-

YIG waveguide is about 400, after the poling magnet is removed. In this case, the full 45*
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rotation is not achieved, as end effects near the edges of the Bi-YIG waveguide require a larger

saturating field than in the main body of the optical channel. Since the strength of the magnetic

field generated by the iron-cobalt film increases rapidly near its pole faces, as shown in the inset

to Fig.2b. one can adjust the overhang of the film beyond the ends of the waveguide to saturate

the Bi-YIG magnetization near the edges. We demonstrated this by placing a 3.3 mm long iron-

cobalt film at an angle to the waveguide axis so as to produce an overhang of about 50 to 100

pm at each end of the waveguide. This resulted in a 450 Faraday rotation, indicating that the

field generated by the iron-cobalt alloy film is sufficient to keep the Bi-YIG magnetization

saturated over the whole length of the waveguide, parallel to the optical channel axis.

The above results demonstrate the feasibility of the thin-rfdm-magnet magneto-optical

isolator proposed in this paper. For a practical device, one would need shorter Bi-YIG

waveguides and iron-cobalt films, say 3 mm or less, so as to fully saturate the magnetization in

the optical channel, assuming the same saturation field as for the present sample. Care must also

be taken to obtain an appropriate overhang of the iron-cobalt film beyond the Bi-YIG waveguide.

Bi-YIG samples with higher specific Faraday rotations capable of generating 450 rotations in I

mm to 3 mm can be produced by increasing the bismuth content in the waveguiding epilayer

and are fully within the realm of present Bi-YIG growth technologies.

In order to measure an effective isolation ratio for our device, the iron-cobalt piece was

placed with its direction of magnetization parallel to the length of the waveguide ridge, and the

analyzer was set at the extinction angle for this geometry. After measuring the power transmitted

through the analyzer, the iron-cobalt film was rotated 180° so that its magnetization was oriented

antiparallel to the original direction of magnetization, and the transmitted power was measured
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again. With the magnetic field reversed, the light through the analyzer was then close to a

maximum. Following R. Wolfe et aL., the ratio of the detected intensities for the two

magnetization directions was taken as the isolation ratio for the ridge waveguide isolator. The

value obtained was 120 to 1, corresponding to an isolation ratio of -21 dB. Attenuation due to

the less than 450 Faraday rotation was measured at about -1dB. However, this attenuation can

be eliminated by shortening the length of the isolator, as explained above.

The factor currently limiting the isolation ratio to -21 dB in our isolator is the presence

of residual linear birefringence at 1.55 pm. Etch-tuning the birefringence to zero at this

wavelength and eliminating any magnetic linear birefringence by shortening the length of the

device so as to fully saturate the magnetization along the waveguide axis should result in

isolation ratios of -30 dB or better.4
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Figures

Fig.I Basic structure of thin-film-magnet magneto-optic isolator. The iron-cobalt alloy film

must overhang the input and output ends by a few tens of microns to avoid large vertical fields

on the waveguide. Figure Ia shows placement on top of the waveguide and Fig.lb shows lateral

placement.

Fig.2 a) Shaded areas show the magnetically charged end faces of the iron-cobalt alloy fldm

normal to the <ItO> direction. b) Magnitude of the magnetic field as a function of magnet

length, L, 8 lim below the iron-cobalt film's bottom surface and midpoint between the two

magnetically charged ends. The field is calculated for a 1.5-pm-thick film magnet with 4tM =

21,000 Oersted. The horizontal broken lines denote typical saturating fields. The inset to Fig.2b

shows the magnitudes of the horizontal and vertical components of the field as a function of

distance from one of the faces for a film 3 mm in length, and 8 pim below the iron-cobalt film's

bottom. The solid line is the longitudinal component, parallel to the waveguide ridge. The

broken line is the component normal to the plane of the film.
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ABSTRACT

We have developed several direct-write laser processing techniques to masklessly fabricate

prototypes of waveguiding devices in GaAs/AlGaAs substrates. These are highly precise

techniques that allow the rapid and cost-efficient fabrication and refinement of novel devices.

Once tested and found satisfactory, designs can then be used for mass-fabrication by conventional

means. We have used in the past our maskless laser-based technology to fabricate low-loss

single-mode passive waveguiding structures and devices." In this paper, we report new

developments in our technology that allow the fabrication of active electro-optic switches. An

electro-optic polarization modulator coupled with an external analyzer yielded an extinction ratio

of 17 dB and a V. of 4 V. An integrated amplitude modulator consisting of a polarization

modulator and an on-chip polarizer exhibited an extinction ratio of 13 dB and a V1 of 6 V. An

integrated Mach-Zehnder interferometer demonstrated an extinction ratio of 15 dB and a V. of

5V.
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1. INTRODUCTION

The fabrication of integrated waveguide circuits, such as optical delay lines, arrays of

switching devices, and multiple wavelength taps on a single waveguide bus, has requirements of

layout and geometry which are considerably different from those of electronic integrated circuits.

Patterning must be done over large areas and the spatial resolution required is relatively modest

for the waveguides themselves. In addition, at present, the production volume for these circuits

is relatively modest in comparison to those of commodity integrated circuits. Further, since

computer simulation is not as advanced as for electronic circuits, it is important to have the

ability to rapidly prototype integrated optical circuits onto a testable chip as a step in the design

process.

These considerations have led us to develop a rapid, direct fabrication process for

integrated optical circuits. The fabrication is based on a type of laser direct etching that uses a

focussed scanned laser beam which is computer driven. Previously, using this technique, we

demonstrated the fabrication of several passive integrated optical building blocks in GaA3;'

namely, linear waveguides, bends, and Y-branches. From these, we were able to form simple

passive devices including splitters and couplers. These devices had low optical loss, were single-

mode, and could be accurately modelled using effective index calculations.

Because the fabrication technique is maskless and is locally controllable in real time, it

can also be used to fabricate novel device structures.' Thus we have recently used it to make

a channel-dropping filter. In the process, we utilized the ability to locally vary the local

effective index of refraction through control of the local etch depth to define the coupling region

in the device.
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In this paper, we report the use of this technique to make several active devices including

polarization, amplitude, and Mach-Zehnder modulators. The etching for these devices is done

by the direct process described above. In addition in one case we have used laser-defined local

CVD to metallize a portion of the device. We have characterized the optical performance of

these devices as well and found that they exhibit excellent characteristics.

Finally, while the materials used in this work are all GaAs/AIGaAs based, the techniques

used are clearly extendable to other material systems as well such as InP and silicon. In addition,

recent experiments in polymeric materials indicate that these materials may be amenable to a

similar approach for prototyping.

2. LASER ETCHING TECHNIQUE

A detailed description of the experimental procedure and physical mechanism of laser-

induced photoelectrochemical etching can be found elsewhere." Briefly, a laser beam is focused

on a GaAs/AlGaAs heterostructure sample immersed in an electrolyte which is contained in a

small quartz cell. As a result, electron-hole pairs are generated and the holes are swept to the

surface, causing the anodic dissolution of the semiconductor in the vicinity of the laser spot. By

scanning the laser beam over the sample via computer-controlled translation stages, micrometer-

scale trenches can be formed in the GaAs layer in any desired pattern. The resolution of the

process is determined by the optical beam size and by the transport of the minority carriers in

the semiconductor. The light source used in these experiments was an argon-ion laser operating

at 275 nm and was focused with a microscope objective (1 6x, NA = 0.25) to a spot size of about

2 pm (full width at lie intensity).
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An important consideration in device fabrication with this new technology is to have

sufficient control of processing to build useful devices. For example, in order to allow flexible

design of single-mode waveguides and the optoelectronic devices based on them, it is necessary

to have sufficiently high resolution to allow close positioning of the trenches. This requirement

presents a potentially serious problem since for waveguide applications free-carrier absorption

limits the doping to low values (: 10"6 cm"3). In addition, for the active devices discussed here,

very low doping (- 1014 cm"3) is necessary in order to have a depletion width sufficiently large

to allow penetration of the electric field into the region of the optical mode. This low doping

level results in a long diffusion length for carriers in the solid (a 7 pm), thus making it difficult

to obtain high resolution. In connection with our waveguide device research, we have studied

ehlctrochemical factors which influence the resolution of our process" and have been able to

obtain high resolution at low doping. This result was achieved through the discovery of

appropriate electrolytes which have sufficiently high chemical reaction rates without the use of

an applied bias. The latter point is significant since the ability to perform electroless etching

using these electrolytes greatly simplifies the fabrication process. The etchant we selected was

HCI:HNO 3:H20::4: 1:50.

3. FABRICATION AND CHARACTERISTICS OF RIB-LIKE WAVEGUIDES

The samples used in these experiments consisted of a vertically single-mode

GaAs/Al0 .,Gao.gAs heterostructure grown by MOCVD on the (100) plane of a GaAs substrate.

The thicknesses of the GaAs and AIGaAs layers were 1.3 and 2.7 pm, respectively, and their n-

type doping concentrations were 10"' and 10" cm*3. respectively. In such a GaAs/AIGaAs
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heterostructure, near infrared light is confined vertically within the higher refractive index of the

GaAs layer. By etching two grooves partway through the GaAs layer on our sample, we laterally

confine the light in the region between the grooves by virtue of the greater effective index of the

unetched region compared with that of the etched region,"7 as in a conventional rib or ridge

waveguide. The IR light used for testing was that of a 1.3-pm diode laser. At this wavelength,

= 3.4049 and n.,,, = 3.3566.

We have fabricated such rib-like waveguides and have measured their modal and loss

properties as a function of geometric parameters.' We also described the basic characteristics of

these unconventional groove-defined waveguides by simple analytical models using effective

index theory."

Observations of the mode structure were made by imaging the waveguide output onto an

IR camera and viewing it on a TV monitor. In order to analyze the modal properties of these

structures, several waveguides were fabricated with different trench depths and trench separations,

and were classified as single-mode or multimode. We found that, as expected from theory, for

shallow trench depth or small trench separation, single-mode operation is achieved. We found

that for all but the deepest trenches, a trench separation of 6-8 pm generally yields a single-mode

guide. Therefore, the trench separation was fixed at 7 pm, and several guides of different trench

depths were fabricated in order to determine the waveguide loss versus etch depth for single-

mode guides. By using the cutback method, we obtained the power transmitted by the waveguide

as a function of waveguide length. This was done for several laser etching powers, yielding

different trench depths. As the laser power is increased, yielding deeper trenches, the light is

better confined. The waveguide loss decreased with deeper trenches and eventually reached a
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minimum of 0.9 dB/cm, which is a suitably low value for integrated optics applications. For

shallow trenches, the loss is dominated by radiation due to light tunneling through the finite-

width etched region and propagating laterally into the exterior of the guide, while for sufficiently

deep or wide trenches, the loss is limited by scattering due to surface roughness at the air/GaAs

interface. In computing the scattering loss, it is necessary to consider potential contributions

related to both vertical and lateral confinement. For our waveguides, simple estimates show that

the vertical scattering loss dominates. This is essentially due to the fact that the index difference

at the air/GaAs interface, which confines the light vertically, is much larger than the effective

index difference between the etched and unetched regions, which produces lateral confinement.

The calculation of the vertical scattering loss is complicated by the fact that at the air/GaAs

interface, portions of the wave near the center of the guide see a surface roughness which is

different from that near the etched trenches.

Furthermore, theoretical calculations showed that a wider etched region should yield lower

radiation loss. Therefore, waveguides were fabricated using pairs of trenches (separated by 2 pm)

on either side of the rib in order to create a wider etched region. The loss for such dual-trench

waveguides was found to be reduced to only 0.6 dB/cm, in agreement with the trend predicted

above. Note that an alternative means of creating the wider etched region might be to use

appropriate cptics to form a broader, rectangularly-shaped beam profile. Any further attempts

to reduce the waveguide distributed loss would probably be limited by scattering at the air/GaAs

interface; thus the deposition of a higher index overlayer on the GaAs would be expected to be

important to further reduce losses.

Thus, low-loss lateral single-mode operation can be obtained by proper choice of etch
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depth, etch width, and trench separation.

Several electro-optic devices, such as Mach-Zehnder-interferometer-based amplitude

modulators and directional coupler switches, require various passive waveguiding structures such

as tapers, bends, branches, and directional couplers. Such devices can easily be fabricated with

our novel maskless technique.' Waveguide bend and branch loss has been measured and was

found to be less than I dB for bend and branch angles less than 20.

4. FABRICATION AND OPERATION OF ELECTRO-OPTIC DEVICES

A. Polarization Modulator

The first active device we fabricated was an electro-optic polarization modulator.

The linear electro-optic effect is utilized in this device. The electrode configuration we used is

that of a coplanar strip where the electrodes are 7 pm apart on either side of the waveguide,

allowing an electric field to be applied within the waveguide core along the <01 1> direction.

The etched portion of the device was an 8.5-mm groove-defined straight waveguide. The

separation between the etched trenches was 8 pm and the depth of the trenches was 0.8 pm. This

waveguiding structure is single-mode and has a propagation loss less than 0.9 dB/cm without the

metal electrodes.

The waveguide metallization was fabricated by a conventional deposition with laser direct

patterning. The first step was the evaporation of a 1500-A blanket of aluminum on the sample.

This metal was then spin-coated with a layer of positive photoresist. By using low power (I pW)

UV laser-writing to pattern the photoresist, we were able to generate conveniently the electrode

structure. In this step, an exposed line was formed along the center of the waveguide rib.
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Developing the photoresist uncovered a 7 pm-wide strip of aluminum. The exposed aluminum

was etched with heated HPO, without affecting the GaAs. and the remaining photoresist was

stripped. An optical photograph showing a top view of the device and an SEM photograph of

its cross section are shown in Fig. 1.

In order to test the device, we used a polarization-maintaining fiber to launch light

polarized at 450 to the TE direction into the waveguide structure by butt-coupling the cleaved

output facet of the fiber to one of the cleaved ends of the sample. By analyzing the output with

an IR polarizer set at 90' to the input polarization, amplitude modulation was obtained. The

experimental setup used to characterize the device is shown in Fig. 2. Figure 3 shows the

transmission as a functien of applied voltage, and demonstrates an extinction ratio of 17 dB and

a V, of 4 V. These characteristics are excellent, knowing that in general an extinction ratio of

-10 dB is considered sufficient'0 and that polarization modulators fabricated by more

conventional means in GaAs do not exhibit better values for these operational characteristics."

B. Anplitude Modulator Using an Integrated Polarizer

We can use the device described above in conjunction with an on-chip polarizer to build

a simple, integrated amplitude modulator. Such a device has never been reported before.

The first fabrication steps of this device were similar to those that led to the polarization

modulator described in the above paragraphs. The overall device length was 1 cm, 8 mm of

which had electrodes for the polarization modulator, and the remaining length was for the

positioning of a polarizer. The polarizing element was a thin metal film which is known to

exhibit strong polarization-sensitive optical loss. In particular, the presence of the aluminum strip
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allows selective TE0 mode transmission, while the TMo mode and higher-order modes (which are

not present in this single-mode structure) do not transmit through the guide. This filter action

is explained by modal repulsion from the metal wall.'1 For our device, this element consisted

of a I-mm-long 20-pm-wide strip of aluminum positioned on top of the waveguide, in the center

of the area with no electrodes.

In our experiments, laser-defined CVD 3 '"4 was used to form the polarizer. This technique

was selected because it is maskless and discretionary. Thus the metallized region may be defined

and adjusted without exposing the device to a second photopatterning step. It is a two-step

process which allows the growth of aluminum films from a metallorganic source gas. In

particular, the 275-nm light of the Ar÷ laser described above is used to generate a seed layer for

selective chemical vapor deposition of aluminum at a temperature lower than that required for

blanket growth. For this seeding step, the sample was mounted in a vacuum chamber filled to

1.0 Torr with dimethylaluminum hydride (DMA 1 H), and a very thin 1-amm-long aluminum line

was direct-written by a process which is based on UV photolysis of the DMA1H adlayer.

Subsequently, a pad of aluminum was grown in the desired area by exposing the sample, which

had been elevated to 1400C, to a flowing stream of the organometallic gas. The electrodes were

protected during this process with photoresist. Figure 4 shows a schematic diagram of the

finished device.

Prior to fabricating this device, we studied the polarization-sensitive attenuating properties

of the laser-defined aluminum lines. For this study, aluminum lines of various lengths (0.5-2.0

mm) were direct-written on straight waveguides, and the output intensity was measured as a

function of the pad length and normalized to that of a straight waveguide with no aluminum.
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This measurement was made for both TE and TM and the results are plotted in the inset of

Fig. 5.

In order to test the device, we launched light polarized at TM into the waveguide

structure. Fig. 5 shows the transmission as a ,nction of applied voltage, and exhibits an

extinction ratio of 13 dB and a V% of 6 V. Again, those operational characteristics are more than

adequate for integrated optical applications.'0 The extinction ratio obtained is in accordance with

the value we expected from the preliminary studies of the attenuating properties of the aluminum

lines, as can be seen in the Fig. 5 inset where the difference between the TE and TM attenuations

is about 13 dB for a 1 mm aluminum line.

Furthermore, improvements could be achieved in the above characteristics if a dielectric

were used for the on-chip polarizer instead of aluminum. An example of such a dielectric is

calcite (CaCO3) which has been used as a polarizing element on top of K÷ ion-exchanged glass

waveguides." The effective index of the guided mode is lower than the calcite index for

ordinary waves and higher than the calcite index for extraordinary waves. With the optical axis

of calcite lying along the polarized direction of the TE mode, the TE mode can propagate in the

waveguide without leakage, while the TM mode leaks into the calcite. This type of polarizer has

the advantage of a smaller insertion loss when compared with the aluminum polarizer. Moreover,

a higher extinction ratio can be expected.

C. Mach-Zehnder Modulator

Mach-Zehnder interferometers (or Y brand" modulators) have been very popular amplitude

modulators in integrated optics because of their apparent simplicity compared to other common
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modulator structures such as balanced bridge and directional-coupler-based modulators." In

addition, since they rely on the interference between two beams to produce modulation, they do

not cause unnecessary attenuation in the signal the way on-chip polarizers can. However, a much

complex and accurate writing sequence is required in the fabrication process.

The principle of operation of this modulator is quite simple. Basically, an input wave

splits into equal components which propogate along the two arms of the interferometer. If no

phase shift is introduced between the arms, the two components combine in phase at the output

Y-branch 3-dB combiner and continue to propagate undiminished in the output waveguide; this

corresponds to a maximum in the transmitted light. For a it phase shift, the field distribution

after the output Y-branch corresponds to the second-order mode of the output single-mode

waveguide, and hence the light is radiated into the substrate; this corresponds to a minimum in

the transmitted light.

The electrode configuration we used is again that of coplanar strips where the electrodes

are 7 pm apart on either side of each of the two parallel arms, allowing an electric field to be

applied along the <01 1> direction within the waveguide core of each arm. Since a central

electrode can be shared by both guides, a total of three electrodes are required for this device.

Again, we used our computer-controlled direct-writing technique to fabricate the passive

part of the device. The structure consisted of a 2-mm input waveguide, a 1-mm 4°-full-angle

Y-branch 3-dB splitter, two 6-mm parallel waveguide arms which are sufficiently separated to

prevent evanescent coupling between them, a I-mm 4°-full-angle Y-branch 3-dB combiner, and

finally a 2-mm output waveguide. The waveguides were etched with 7-pm separation between

the trenches to insure single-mode operation. Subsequently. a 1500-A layer of aluminum was
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evaporated through a shadow mask that defined the region of the sample where we wanted the

electrodes to be positioned. Special attention was paid to providing a bonding pad to the

electrode positioned in between the two arms, although that would cause the presence of a small

aluminum "bridge" over one of the arms, which would introduce some undesirable but

unavoidable loss in that arm due to fast carrier absorption. However, the width of that "bridge"

can easily be minimized. We decided to position the pad for the central electrode at the lower-

right comer of the sample.

Subsequently, the sample was spin-coated with a layer of positive photoresist. Again, we

used our UV laser-writing apparatus to pattern the photoresisL We exposed a line along the

center of the top waveguide rib, a line along the center of the bottom waveguide rib which stops

just short of the end of that guide (leaving space for the "bridge"), and another line from the end

of the bottom line to the lower end of the sample perpendicularly to the two previous lines. The

photoresist was subsequently developed, uncovering the strips of aluminum to be etched. We

again used heated HIPO4 to selectively etch the aluminum. Finally, after stripping the

photoresist, we obtained three electrodes allowing an electric field to be applied within the

waveguide core of both arms. A schematic showing clearly the fabrication steps is shown in Fig.

6, and an optical photograph of the device is shown in Fig. 7.

In order to test the device, we launched light polarized at 45* to the TE direction into the

input waveguide. The two outer electrodes were connected to ground and the central electrode

was connected to a positive voltage. The application of a voltage across the two arms lead to

the expected modulation of the amplitude. Fig. 8 shows the transmission as a function of applied

voltage, and demonstrates an extinction ratio of 15 dB and a V. of 5 V. These values are
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comparable to or better than those exhibited by Mach-Zehnder interferometers fabricated by more

conventional techniques in GaAs,""" in Ti:LiNbO3,"9 and in polymers.'

5. CONCLUSION

In summary, the technique of laser-induced photoelectrochemical etching which has been

shown in the past to be useful in the fabrication of low-loss single-mode passive devices and

structures is shown here to be very effective in the fabrication of active waveguiding devices.

In particular, we fabricated a polarization modulator, an amplitude modulator consisting of a

polarization modulator and an integrated polarizer, and a Mach-Zehnder interferometer. These

devices show high extinction ratios and low values of V,. These results indicate that our process

offers a novel means for rapidly fabricating integrated optic device structures, and its maskless

nature makes it a useful tool for prototyping integrated optic circuits.

Finally, the techniques and devices discussed in this paper are being used to fabricate

large scale integrated optic circuits including optical delay lines, switching arrays, and wavelength

demultiplexers.

This work was supported by the Defense Advanced Research Projects Agency under the

Air Force Office of Scientific Research, the National Center for Integrated Photonic Technology,

and the Army Research Office.
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Figure Captions:

1. Polarization modulator seen (a) under an optical microscope (top view) and (b) under a

scanning electron microscope (cross section).

2. Setup used for the characterization of electro-optic devices.

3. Transmission factor vs. applied voltage for the polarization modulator (extinction ratio =

17 dB, VW = 4 V, length = 8.5 mm).

4. Schematic diagram of the integrated amplitude modulator consisting of a polarization

modulator and an on-chip polarizing element. The polarizer is a I-mm-long 20-pm-wide

strip of aluminum which allows selective TE, mode transmission.

5. Transmission factor vs. applied voltage for the integrated amplitude modulator (extinction

ratio = 13 dB, V. = 6 V, electrode length = 8.0 mm). The inset shows the results of a

study of the polarization-dependent attenuating properties of laser-defined aluminum lines;

the attenuation of both TE and TM-polarized light is plotted vs. the length of the

aluminum pad.

6. Steps of fabrication of the Mach-Zehnder interferometer.

7. Optical photograph of the Mach-Zehnder interferometer.

8. Transmission factor vs. applied voltage for the Mach-Zehnder interferometer (extinction

ratio = 15 dB, V. = 5 V, electrode length = 5.5 mm).
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EXCIMER LASER INDUCED CRYOETCHING OF GaAs AND
RELATED MATERIALS

Michael B. Freiler, Ming Chang Shih, R. Scarmozzino, R. M. Osgood Jr., le Wei Tao, and Wen
I. Wang

Microelectronics Sciences Laboratories, Columbia University, New York, NY 10027

ABSTRACT

We report highly resolved, damage-free etching of GaAs and related materials. The
etching is activated by excimer laser irradiation -t 193 nm of samples maintained at low
temperatures (-140 K) in a chlorine atmosphere (-5 mTorr). Since the etching is chemical in
nature, structural damage to the substrate should not be present. Submicrometer resolution has
been achieved by the use of electron beam lithography to pattern a Si3N4 contact mask. We
have also successfully used our etching in the fabrication of a single-quantum-well, ridge-
waveguide semiconductor laser.

INTRODUCTION

In-situ, anisotropic, damage-free etching techniques are becoming increasingly important
for advanced device technology. Plasma etching techniques such as reactive ion etching, ion
beam etching, and chemically assisted ion beam etching all have a significant amount of
damage due to energetic particle bombardment of the sample surface. This bombardment
causes structural and chemical damage to the underlying substrate material, degrading its
electrical and optical properties." 3 Studies of these techniques indicate the extent of this
damage may be minimized, but not totally eliminated, without severely reducing the device etch
rate. Damage-free, anisotropic wet etching techniques may also used, but they tend to be
crystallographically determined, thus severely limiting geometries of etched structures.

Our etching process is based on a study of the interaction of physisorbed chlorine and
GaAs (110) samples at low temperatures.4 In this study, it was found that there was no
spontaneous etching between adsorbed Cl2 and GaAs at 85 K, but irradiation with an excimer
laser at low fluences caused the appearance of reaction products (AsCI3 and Ga) in Temperature
Programmed Desorption (TPD) spectra. They also showed that 193 nm radiation was more
efficient by a factor of 20 in the creation of products than 248 nm or 350 nm wavelength
radiation, which is consistent with the absorption spectrum of condensed chlorine as measured
by Cousins and Loene,' which showed a significant absorption peak centered at about 200 nm.
This strong absorption peak has been interpreted as being due to the formation of a charge
transfer complex between neighboring condensed chlorine molecules.'

Our etching technique has been previously reported." Briefly, a GaAs sample is
maintained at low temperature in a chlorine atmosphere. These conditions result in the
physisorption of chlorine in the monolayer regime. The sample is irradiated at 193 nm, causing
the dissociation of the chlorine molecules into reactive chlorine atoms, by the mechanism
mentioned above. The laser pulse also induces desorption of the etching products, resulting in
material removal. Each laser pulse removes a small fraction of a monolayer from the surface.
Anisotropic etching has been observed and the etch rate characterized as a function of the
sample temperature, chlorine pressure, and laser fluence and repetition rate and related to the
a model of multilayer physisorption using the BET (Brunauer-Emmett-Teller) formulation.

The anisotropy results from many factors. Primarily, it is due to the reduction or
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Figure 1. Etching of GaAs (100) with gold surface mask-, 140 K, 5 mTorr CL. Approximate
etch depth: 0.25 p'm (Top), 0.5!Jm (Bottom).

Figure 2. Cross Section ofabove etching: Larger etched depth sample
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elimination of spontaneous etching by gas phase molecules a- low temperatures, which would
cause etching of the sidewalls, leading to undercutting. This effect has been shown for etching
processes stimulated by ion,' electron,' and photon6 beams. Anisotropy also results from the
confinement of 'oth the reactive species production and reaction product desorption to the
illuminated zone, and from the fact that the laser intensity is weaker on the sloped sidewalls
due to the oblique angle of incidence.

EXPERIMENT

Our etching apparatus has been previously described.6 The chamber attains a base
pressure of 10-' Torr, but during etching was operated with a ClI. gas flow. During experiments.
the sample was maintained at temperatures of 120 K to 200 K in a atmosphere with a chlorine
partial pressure of 0 - 20 mTorr. The sample was introduced by a load-locking system, which
enables the rapid transfer of our samples without exposing the etch chamber to atmospheric
moisture. This moisture resulted in a rougher surface morphology, especially in the etching of
AIGa,.,As. After the sample was loaded into the exchange chamber, it was heated to 473 K
for 10 minutes to melt the indium foil which is used to achieve good thermal contact between
the GaAs sample and the cooling block. This preheating process also helped to remove
moisture on the surface to be etched.

In our experiments, we used a Lambda Physik 130i excimer laser running with an ArF
(193 nm) mix. The laser beam was concentrated along the horizontal axis by using cylindrical
optics placed near the laser. An aperture was used to select a uniform area of the beam, and
this aperture was imaged onto the sample surface with a long focal length spherical lens using
1:1 projection. By imaging the beam profile near the laser output, this arrangement allows Ls
to achieve uniform illumination. For our experiments, fluences in the range of 10 - 30 mJ0/cm2
were used. These fluences result in a moderate temperature rise of the sample surface and
thermal effects were minimal.6 In these experiments, we were able to achieve etch rates of 0.25
A/pulse (0.9 pmrmin. at 60 Hz.)6 . There is no measurable etching in areas not exposed to the
laser light.

To demorstrate the pattern transfer capability of this etching technique, we initially used
a gold surface mask patterned by optical lift-off lithography. Figure 1 shows the surfaces of
n-type (-3 x 10'7/cm•) GaAs (100) samples etched with a sample temperature of 140 K in a C12
pressure 5 mTorr and at a laser fluence of 20 mJ/cm-. The sample in the top photo has an etch
depth of about 0.25 pm and the one in the bottom photo has an etch depth of about 0.5 pm.
Notice that the etched surface starts out with a smooth finish, then roughens noticeably as the
etch depth increases. Figure 2 shows a cross section at the deeper etch depth. The sidewalls
are sloped outward and there is a small trench at the bottom of these walls. We believe that
this trench is due to a combination of Fresnel diffraction with guiding of the light down the
sidewalls. We have explored the etching of features with various orientations on the GaAs
(110) surface and found that they all show similar sidewall slopes, which are also close to the
slopes for GaAs (100) samples. Such sidewalls, which typically have a fluence dependent
angle, are generally characteristic of laser etching.

Gold surface masking by optical lift-off lithography is not suitable for high resolution
studies of this etching. It is limited in the resolution it can obtain aue to the limits of optical
lithography and the difficulty of executing submicrometer patterning using lift-off methods for
masks as thick as we require (> 0.1 pm). Another problem with Au surface masks appears to
be mask integrity, since the gold mask often erodes near the edges.

To achieve high-resolution patterning, we used a SiN 4 surface mask patterned by
electron beam lithography followed by reactive ion etching. The material is chemically inert
in a chlorine atmosphere and strongly adsorbs in the deep ultraviolet. Also, it can be deposited
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Figure 3. Submicrometer etching of GaAs (110) with Si3N, mask: 140 K. 5 mTorr Cl,.

on our substrates using plasma enhanced chemical vapor deposition: high resolution pattern
transfer is by reactive ion etching using commercially available equipment with a resist mask.
The samples used in the submicrometer etching reported here were patterned by the National
Nanofabrication Facility at Cornell University, Ithaca, NY.

Figure 3 shows submicrometer etching of GaAs (1 0) surfaces. The etch depth is 0.85
pm and the line and space widths are 0.6 pm. The submicrometer pattern has been successfully
transferred to the substrate and that the etch mask is largely intact. The walls are sloped
outward and there is a bit of an undercut. The origin of this undercut is not well understood
and it currently being investigated. Recent experiments indicate that this undercut may be
reduced by lowering the sample temperature during etching. In other experiments, GaAs (10]()
samples etched to submicrometer dimensions with Si3N, masks show almost the same behavior.

To demonstrate the capability of using this etching technique for device fabrication, we
fabricated a mesa for a single-quantum-well, ridge-waveguide laser. The structure of the laser
material is shown in Figure 4. Figure 5 is a top view and a cross-sectional view of the
structure, showing sharp sidewall slope. The morphology is good enough for post processing
steps such as SiO: and ohmic contact deposition. Because it is necessary to etch to within 0.1
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Figure 5. Etched laser structure;, 140 K, 5 rnTorr Cl2.
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pm above the 2580 A active region, it is also important the etch depth be very uniform and well
controlled. From our experiments, we found that the most important factor influencing the
uniformity of the etch depth is the uniformity of the laser beam. Since the laser width is 4 pm,
sidewall damage may play a critical role in device performance. The L-I (light out - current in)
characteristics of the laser etched by this method are comparable the those obtained for lasers
etched using conventional wet processing.

CONCLUSIONS

We have demonstrated smooth etching with submicrometer resolution. Since this
technique does not use energetic particle bombardment, we anticipate that it will not damage
the substrate material, causing the degradation of the sample's electrical or optical properties.
Because of the ability to remove a small fraction of a monolayer per laser pulse, we have
achieved excellent etch depth control, repeatedly etching to within 1000 A of the desired etch
depth for depths of over 1 pm. We have shown etching of the (110) and (100) surfaces of
GaAs as well as Al0 3Ga 7.,As, and, in recent experiments, of Alý.7GaJ 3As. The first device
application for this etching was for fabrication of a mesa for a ridge waveguide laser. Current
studies on this technique include probing for damage to the etched surface through
characterization of a Shottky barrier grown on the etched surface and further exploration of
factors influencing sidewall geometry.
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Photoclectrochemical Etching of GaAs/AIGaAs Multilayer Structures
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Abstract

A study of photoelectrochemical etching of AIGaAs/GaAs multilayers under conditions of

constant potential or constant current is presented. It is shown that the etch rate changes as the

process proceeds vertically through the layered sample. In addition, when the etching front

crosses the interface between two epilayers a transient reduction in the etch rate is seen. These

observations can be explained by the energy band structure of the heterojunction interface,

including the presence of the quasi-two-dimensional electron gas at such an interface. The

changes in potential or current at the interface can be used to form in-situ process diagnostics

during the etching of multilayer samples. Finally, the morphology of the etched area and the

profile of the etch feature have been investigated. The results show that etch-induced roughness

is an important limitation on processing structures with very thin layers,
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1. Introduction

Various techniques have been developed for fabricating optoclectronic and microelectronic

devices and circuits including wet-chemical, ion beam and plasma etching [1,2].

Photoclectrochemical etching is a relatively new technique in semiconductor processing [3-81

which possesses many of the advantages of wet etching, including lack of etch-induced damage

and material selectivity. In addition to conventional wet-etching techniques which have uniform

etch rates across the wafer and thus require a photoresist mask for patterning.

photoelectrochemistry allows resistless light-defined patterning as well as light-contoured etching.

In addition, highly localized etching can be achieved by illuminating, with patterned light, only

those parts of the surface where etching is desired. Important applications of light-induced etching

in device fabrication have been demonstrated for microlenses, waveguides and waveguide

devices, diffraction gratings, lasers, and through-wafer via formation [9-16).

Although the electrochemistry of semiconductors under illumination is well understood [17,18],

and photoelectrolysis [191, photovoltaic behavior [201, photocorrosion and photodecomposition

121) as well as light-sensitive etching of semiconductors [22-241 have been studied in great detail,

only a few reports of wet-chemical etching of heterostructures are available, and these reports

deal almost exclusively with the selectivity of the process for layers of different semiconductors

12,14,25-271. In addition, there appears to be no clear understanding of the electrochemical

behavior of heterojunctions in contact with an etching electrolyte. In particular, the

electrochemistry is complicated not only by the different materials on both sides of the junction

but also by the effects of interfacial mobile charge and potential barriers 126).
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This work presents experiments on the light-induced etching of various GaAs/AIGaAs

heterostructures that give insight into the electrochemical processes near a heterojunction

interface. Our experiments show that the band structure of the interface strongly affects the

etching of the sample. In addition, we found that the uniformity of the etch profile can be

optimized when the etching is performed with strong anodic potential. Fast etching of relatively

low conductivity epilayers could be achieved by means of a side contact to the mulfilayer sample

which uses the two-dimensional electrci gas at the heterojunctions and produces increased etch

currents. Finally, our results suggest that electrochemical methods can be used for in situ process

diagnostics of the etching of multilayer structures. For such thin, layered structures it is important

to etch a sample uniformly layer by layer and thus an in situ monitoring technique is essential.

2. Experimental

The experiments were performed in a typical electrochemical cell using a three-electrode

configuration (Fig. 1). The multilayer samples were contacted with an evaporated AuGe film on

the backside and encapsulated in black wax (Apiezon Type W) to ensure that only the exposed

surface was in contact with the electrolyte. External voltages were applied between the sample

and a counter electrode made from a platinum wire. The potential of the sample was measured

versus a saturated calomel reference electrode, which was connected to the electrochemical cell

via a salt bridge. A potentiostat allowed photoetching of the sample in two modes: at constant

potential and at constant current. The time constant of the poteniostat was less than 0. 1 s, which

was adequate for following voltage or current changes for the etch rates examined fiere. Under
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typical experimental conditions, i. e. photoanodic etching with external voltage, the response time

of the electrochemical cell to potential changes was less than 0.5 s. Again, this time constant is

sufficiently short to allow the etching process to be monitored.

Local illumination of the sample was achieved by imaging a homogeneously illuminated aperture

of typically 400-pm diameter onto the surface by means of a single lens. The light source was

a 150-W halogen lamp which allowed intensities of up to 250 mW/cm2 . This setup had the

advantage that the light intensity within the illuminated spot is spatially uniform and, thus,

produced a homogeneous etch rate over the entire Spot Moreover, by using differently shaped

apertures, any desired pattern could easily be projected onto the surface.

The multilayer samples were MBE grown and consisted of several epilayers of n-GaAs and n-

Alo 3Gao7As (n = 10"6 cm-) on top of a n*-GaAs substrate (n = 10" cm"). An electrolyte of dilute

nitric acid (HNO 3:H0O = 1:20) was used which had no measurable effect on GaAs without

illumination [81.

3. Results and discussion

a. Current-potential-curves

In order to find the best conditions for highly localized light-induced etching, the behavior of the

two materials n-GaAs and n-AI.3Gao.As was investigated under various applied potentials and

light intensities. For the measurements, samples with I-pm-thick single epilaycrs of AIGaAs or

GaAs on top of a substrate of n*-GaAs were used. The light intensity was chosen to be low
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enough to ensure that the amount of etching during the measurement was negligible. Also the

potential was scanned slowly enough for a steady-state current to be established in the cell.

Typical examples of our measured current-potential curves are shown in Fig. 2 for GaAs and

AIGaAs samples; the GaAs curve agrees well with curves reported in the literature [5,22,28). In

the absence of light, both materials behave electrochemically essentially the same way. At an

overvoltage of about +0.5 V, the anodic dissolution of the sample with the following reaction

[29-31),

GaAs + 6 W + 5 H1O - Ga'" + HAsO2 + 3H , (1)

becomes important. At the other end of the potential scale, starting at -0.5 V. the cathodic

reaction of hydrogen evolution is seen,

2 H130 + 2 e -4 H2 + 2 HIO. (2)

In the potential range between -0.4 and +0.4 V no measurable current is seen and, in fact, in this

region the dissolution reaction (1) is limited by the thermal rate of generation of electron-hole

pairs. With illumination, carrier generation within the semiconductor is increased sharply and a

substantial current can then flow. Notice that the bands of an n-type semiconductor in contact

with the electrolyte are bent upward (cf. Figs. 4 and 5) which is a necessary condition for holes

to be driven to the surface for enhancement of the dissolution reaction (1) after charge separation

[17,19,21J.



-6-

Thus, in the potential range from -0.4 V to +0.4 V, etching occurs only within the illuminated

spot. Additional experiments at various light intensities showed that for values up to the highest

possible illumination, i. c. 250 mW/cm', the measured current and, correspondingly, the etch rate

remain linearly proportional to the intensity. Similar results for a high intensity study of laser-

induced etching of GaAs have been reported already by Ruberto et at. [81. The following linear

relationship between current and etch rate for GaAs and Al0.3Ga.0 As A-as determined in our case:

Etch Rate [nm/min] = (15 ± 5) * Current Density [mA/cm"] (GaAs, AIGaAs)

where the current density is linearly dependent on the intensity of the incident light via:

Current Density JmA/cmJ = (0.17 ± 0.03) * Light Intensity [mW/cm] (GaAs)

Current Density [mA/cm] = (0.12 ± 0.02) * Light Intensity [mW/cm2] (AIGaAs)

These relations are consistent with the etch rates of 0.5 po/rain (GaAs) and 0.4 pm/min

(AIGaAs) at 200 mW/cm2 in our experiments. Also they are in agreement with the rates obtained

in high-intensity :aser etching of n-GaAs using the same electrolyte, although those experiments

were performed under open-circuit conditions and with different light sources 18,251. Laser

etching experiments under conditions similar to ours, i. e. etching of n-GaAs with an applied

potential in the plateau region of the I-V-curves (cf. Fig. 2), but with a different electrolyte,

showed, after normalization of the light intensity, an etch rate which is of the same order of

magnitude as out value [5].



-7-

The most important conclusion of the measurement of the current-potential curves is the

difference in etch rate for GaAs and AIGaAs. Throughout the entire region where localized

etching can be achieved, the etch current with AlGaAs is about 80% of the value for GaAs,

which means that, for a given constant potential, AlGaAs is typically etched slower than GaAs.

There are several possible explanations for the difference in etch rate in the two materials. Due

to its larger band gap, AIGaAs will absorb a smaller percentage of the lamp's spectral flux than

GaAs, thus generating a smaller carrier number per watt lamp output. In addition, AIGa1,1As has

a lower carrier mobility due to alloy scattering which reduces the carrier collection efficiency in

comparison to GaAs [32]. Finally, the surface oxide formed during photodecomposition of

AIGaAs may possibly be harder to dissolve in the electro' due to its aluminum content than

the GaAs decomposition products. A more definite conclusion must await a detailed chemical

study of the decomposition of Al.Ga,.,As.

b. Etching of single-layer structures

Figure 3 shows the result of an experiment in which a single AIGaAs epilayer on a n*-GaAs

substrate was etched. Under constant anodic potential, the current between sample and counter-

electrode goes through a minimum as the etching proceeds through the interfacial region. The

calibration of etch depth versus time in this experiment was done by determining the depth using

a stylus profilometer for various exposure times.

One consequence of this experiment is that it is possible to determine which layer of a

heterostructure is actually etched by simply measuring the current in the electrochemical cell.
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Heterojunction interfaces show up as current midnima and the exact depth within a certain layer

can be calculated by integrating the current curve using the proportionality constants between cell

current and etch rate from the previous section.

The overall increase in current with time which is observed in Fig. 3 can be explained simply

by considering the resistance of the sample, e. g. during etching in the second layer: with time,

the layer becomes thinner and thinner and, correspondingly, the ohmic resistance of the sample

decreases thus causing the observed overall increase in current which appears in going from left

to right in the figure.

In order to understand the factors which lead to the occurrence of a current minimum at the

interface, one has to consider the energy band diagram for the AIGaAs/GaAs heterostructure (see

Fig. 4). As a consequence of the different band gaps of GaAs and AlGaAs, a discontinuity in the

conduction band and a potential step in the valence band occurs [33,34); thie width of thie

interface region is of the order of 0.2 pm [35). Also, as already mentioned earlier, the

semiconductor bands are bent upward at the interface with the electrolyte. When light illuminates

the sample, charge carriers are produced within a region charactcr~zcd by the photon absorption

depth. In our case of white light from a halogen lamp, the photon energies are between I eV and

4 eV correspr-nding to absorption depths from 1000 to 20 rim, respectively [361. The intensity

maximum of the spectral distribution of this light source was at -2 eV with a penetration depth

of 230 nm for GaAs and 340 nm for A403Ga4 7A [36). Thus the actual penetration is on average

comparable to the depth of the interface.
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The situation for three characteristic stages during etching of the AlGaAs/GaAs layered material

is depicted schematically in Fig. 5 for a biased sample in contact with the solution. In A. the etch

depth is still small and all charge carriers are produced within the AIGaAs epilayer. Due to the

applied positive potential, the energy band diagram tilts in the direction of the substrate. Charge

separation is easily effected, with holes transferring into solution and electrons in the conduction

band gaining enough energy within the AIGaAs to overcome the small potential barrier (-0.1 eV)

at the interface and to move further into the bulk. In B, the etch front has reached the interface

region and now some charge carriers are generated within the GaAs substrate. However, those

generated within the GaAs are prevented from reaching the liquid by the valence band offset, and

are eventually lost via recombination. Thus in this region, the electrochemical current dips.

Finally, in C, the etch front is fully within the GaAs substrate and, as in A above, charge

separation and migration occurs in the usual way.

There are several factors which contribute to the broadness of the observed current minimum.

First of all, any sharp features will be blurred as soon as the etch profile deviates from the ideal

rectangular shape. If the edges of the etched hole are not vertical but sloped then the total etch

current consists of contributions from a wide range of depths which are added to the signal from

the bottom of the etched hole. Although the main part of the etched area (-70 %, see Figs. I I

and 12) has a uniform depth, the edges contribute signifcantly to the measured current and

broaden the interface features because those regions of the etching front cross the heterojunction

interface with a varying time delay. In addition, the use of white light illumination has the

disadvantage that the absorption depths of the different wavelengths cover a much larger range
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than in tI',: case of a monoenergetic light source. Therefore, the transition from stage A to B in

Fig. 5 will extend over a longer period of time when, as in our experiments, a broad wavelength

spectrum is used.

c. Etching of rndtilayer structures

It was expected that etching of our multilayer structure consisting of four AIGaAs and GaAs

epilayers with a back contact (Fig. 6a) would generally resemble the process seen for the single

layer case, except that the larger number of layers would magnify the electrical effects seen

above. In particular, since our epilayers were only weakly doped (n= 10"6 cm 3), their conductivity

was relatively low and, as a result, only very small currents and etch rates could be achieved.

This effect was obviously more important during etching the uppermost layers of the sample

while for the deeper; lying AIGaAs/GaAs interface the current was much larger (Fig. 6b). As was

seen in the case of a single epilayer sample (Fig. 3), a current minimum occured when the etch

front entered the interface. This effect was most pronounced for the lower pair of layers;

however, weaker current minima also coincide with tae other three interfaces which can be seen

only when the sensitivity of the current measurement is increased (Fig. 6b). Moreover, as a

consequence of the low current, very long times are needed to etch the upper layers.

In order to circumvent the current limitation due to the serial path through the layers, an

additional side contact was attached to the multilayer sample (Fig. 7a). In this case, all layers as



well as the substrate have a conducting connection to the current source, along t aths parallel to

the interface. Fig. 7b shows the etching of the multilayer sample from Fig. 7a under constant

potential; again, depth measurements at various points of the curve revealed the coincidence of

current minima with the crossing of an interface during etching. Obviously, the sensitivity of the

current signal for the interfaces has strongly increased, particularly for the topmost layers.

compared to the results shown in Fig. 6b. Also the current density is much higher than in the

experiment without side contact. As before, in the case of the single-layer structure (cf. Sect. 3b),

the broadness of the observed features is mainly due to the deviations of the etch profile from

a rectangular shape.

Etching can also be monitored by keeping the current at a constant value and measuring the

potential changes of the sample; this experiment is done using a potentiostat which adjusts the

potential by means of a feedback mechanism so that the current remains constant. The resulting

potential changes during etching (Fig. 7c) axe essentially a mirror image of the corresponding

current curve: a potential maximum in Fig. 7c corresponds to a current minimum in Fig. 7b. The

differences between Fig. 7b and c, i. e. the different shape and size of corresponding sections of

the curve, are due to the non-ohmic character of the electrolyte-semiconductor junction which

can best be seen from the nonlinear relationship between current and potential in Fig. 2.

For a detailed explanation of the results shown in Fig. 7b and c, the above simplified picture of

charge carriers moving within an epilayer to the side contact has to be refined. The origin of the

high conductivity to the side contact can be seen from the energy band diagram of the sample
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(Fig. 8a). In particular, the "notches" in the conduction band in Fig. 8a trap electrons which are

strongly localized perpendicular to the interface but can move freely in a plane parallel to it. This

two-dimensional electron gas (2DEG) forms a low resistance electron path to the side contact

If a positive potential is applied across a layered structure with no side contact, as shown in Fig.

8b for a simple four-layered example, the potential wells at AlGaAs/GaAs interfaces for the

conduction band are dcpleted compared to the unbiased condition, whereas at the GaAs/AlGaAs

junctions the local electron concentration increases. Compare, for example, the first two "notches"

on the left side of Fig. 8b. Thus, in Fig. 8b, a 2DEG is present only at the first and third

interface. When a side contact is applied to this layered structure, charge flow and potentials

change dramatically. For example, electrons produced by incoming photons move first in vertical

direction until they reach the 2DEG and then follow this low resistance path in their further

movement towards the current source. Moreover, the 2DEG in combination with side and back

contacts acts like a metallic shield around the deeper lying epilayers and the substrate of the

sample, leaving these layers effectively unbiased. As a result of this shielding effect, the current

flow through a multilayer sample with a side contact is very similar to the case of a two-layer

structure of GaAs/AlGaAs or AlGaAs/GaAs.

The etching of the multilayer sample of Fig. 7a is depicted schematically in four stages together

with the corresponding energy band diagrams (Fig. 9). Obviously, the etching of layers I and 3

and also layers 2 and 4 are equivalent situations. In layers 1 and 3 the electrons have to move
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through less than one epilayer until they reach the 2DEG. whereas in laycrs 2 and 4 they have

to cross an AlGaAs/GaAs interface as well as the next layer before they arrive at the electrical

contact.

The sharp potential increase when the third interface is crossed (Fig. 7c) can be explained by the

fact that the electrons now have to traverse the entire substrate (thickness: 380 pm) compared to

the I-pm-thick epilayers. Although the substrate is more heavily doped (n=10" cm*') than the

epilayers (n=10" cm'), its total vertical resistance (0.05 fM) is several times higher than that of

the epilayers (0.01 f0) due to the diffence in thickness, and therefore a higher potential is required

to keep the current constant.

The occurrence of current minima (or potential maxima) at the interfaces between layers 2 and 3

and between layer 4 and the substrate can be explained in analogy to Fig. 5 for the single-layer

structure: near the AlGaAs/GaAs interface, within the absorption depth of the photons. pat of

the generated electrons and holes are produced in the deeper layer. In particular, the holes on

their way to the surface have to overcome a potential step in the valence band which impedes

their current for the case of constant potential etching (Fig. 7b), or increases the applied potential

in the case of constant current etching (Fig. 7c).

At the interfaces between layers I and 2 and between layers 3 and 4. the reason for the

occurrence of a current or potential extbemum is different. Due to the fact that the 2DEG at the

interface shields the deeper layers, that is, reduces any voltage gradient in those layers, charge



14-

carriers which are generated in layer 2 or 4, respectively, do not experience a voltage to separate

the charges. Therefore, recombination is enhanced in this buried region causing a net loss in

collected current when etching at constant potential (Fig. 7b). When etching at constant current

(Fig. 7c) this loss of photocurrent is seen as an increase in the internal resistance of the sample;

thus the voltage across the sample rises.

Finally. we note that, as in the case of single-layer structures (cf. Sect. 3b). it is possible to

monitor the progress of light-induced multilayer etching by simple measurcments of current or

potential, since crossing of interfaces is clearly indicated by the occurrence of a current minimum

or potential maximum, respectively.

d. Morphological aspects of the photoelectrochemical etching of multilayers

In the experiments presented so far, the morphology of the etched surface area was not taken into

consideration. However, during etching, the surface does not maintain its initial smoothness but

becomes rougher with increasing etch depth. This can best be seen in a series of corresponding

optical micrographs and SEM photographs which show the etched spot and its profile in the four

epilayers and the substrate (Fig. 10).

Starting from the polished surface with a roughness of less than 10 nm, one observes a gradual

increase up to -450 nm when the substrate is reached. During etching of the first GaAs layer,

the illuminated area is still nearly as smooth as the unetched surface leading to a very weak



contrast between these areas in the optical micrograph. This is no longer the case as soon as the

AIGaAs layer is entered. Strongly inhomogeneous etching occurs possibly due to the formation

of nearly iisolvable aluminum oxides which prevent the underlying surface from being affected

by the electrolyte and cause the observed roughening. As mentioned, this phenomenon of slow

dissolution of AlO may in part be responsible for the fact that the etch rate in AIGaAs is lower

than in GaAs; the presence of those oxides prevents the photogenerated holes from reaching the

surface and from par:icipating in the dissolution reaction (cf. Sect. 3a and Fig. 2). As a result of

this roughness, the crossing of the etch front across an interface is distributed in time. This

blurring of the current or voltage extrema is particular important for very thin layers or, also very

thick layers lying deep in a multilayer stack, even if the etching beam is uniform.

In Fig. 10, care was taken to image the rectangular intensity distribution of the illumination to

obtain a nearly rectangular profile of the eched area. Such a clear image was. however, not

always observed, even with a good quality image. In fact, a detailed study revealed a dependence

of the etch profile on the value of current (for constant-current etching) or voltage (for constant-

potential etching) as shown in Figs. I1 and 12. For etching at a relatively low value of constant

current density (9.3 mA/cm3 ), a profile with a deep trench along the edge of the illuminated area

is obtained. This trench gradually disappears when the current density is increased to 18.5

mA/cm' and 27.8 mA/cm2 (Fig. 11). As a direct consequence of the etch profile, the shape of the

corresponding potential curve is strongly altered when etching at different currents. This behavior

is seen by comparing the voltage versus time curves (left in Fig. 11) with stylus profilornetry data

(right in Fig. II). For 9.3 mA/cmO, when, due to the deep trench, several epilayers are etched
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concurrently, the observed features in the potential curve are very broad and panially

undetectable, e. g. the crossing of the interfaces between layers 3 and 4 or between layer 4 and

the substrate. The potential maxima become, however, weli resolved and sharp for higher currents

(18.5 and 27.8 mA/cmZ), corresponding to the rectangular etch profile, which causes the uniform

crossing of a hetcrojuncion interface over the entire illuminated area.

A similar result, although not with such large differences in the etch profiles, is obtained in

etching experiments at constant potential (Fig. 12). For a fixed negative potential, inhomogeneous

etching occurs resulting in a trench, as seen already in Fig. 1I. For more poitive values of

applied potential. the etch profile is spatially homogeneous and newaly rectangular. Again,

corresponding to the quality of the etch profile, the features in the current curves of Fig. 12 are

more or less sharp. In particular, when etching the uppermost layer under conditions of spatially

homogeneous etching, an additional fine structure appears which is possibly due to the energy

band structure near the heterojuncfion. When etching the deeper layers such fine structures are

not observed since the increasing roughness of the surface causes sufficiendy inhomogeneous

etching so that fine features cannot be resolved.

Finally, the evolution of an inhomogeneous etch profile in Figs. II and 12 can be explained by

consideration of the potential distribution within the sample. In particular, a comparison with

Fig. 2 shows that the potential range for which ithomogeneous etching occurs, - -0.5 V, is very

near to zero current conditions. At this open-circuit potential no current flows between sample

and counter-electrode; however. light-induced etching can exist under these conditions. This
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etching is made possible by the fact that the illuminated areas of the surface act as local anodes

and the dark areas as cathodes [8,171. Incoming photons establish a gradient in concentration of

charge carriers and voltage between dark and illuminated zones, consequently causing a current

to flow within the semiconductor (17,22,231. This situation is depicted schematically in Fig. 13a.

Obviously, the series resistance has its lowest value near the boundary of the illuminated area

where the distance to the cathodic dark area is least. As a result, under open-circuit conditions

preferential etching will occur at the edges of the hole and produce trenches 13J. Minority charge

carriers from more distant regions, e. g. the center of the illuminated area, have to move over

larger distances and are more likely to recombine. The formation of such trenches has also been

discussed in several other reports [8,25,371. At applied potentials only slightly more positive than

the open-circuit value, the light-induced field gradient is superimposed onto the external potential

value which locally enhances the etching (Fig. 13b). If the applied potential is increased further

the relative importance of the light-induced potential is reduced, the current towards the sidewalls

of the etched hole then decreases and the vast majority of the charge carriers follows the

direction of the applied field (Fig. 13c). Therefore, the preferential etching of trenches along the

sidewalls of the hole is not significant at more positive potentials.

e. Etchhig of multiquanturn well structures

As a consequence of the increased roughness of the surface after etching several layers, the

controlled layer-by-layer etching of samples with very thin epilayers is only possible as long as
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the surface roughness does not exceed the layer thickness. Fig. 14 shows an experimlent where

a multiquantum well (MQW) sample with layers of 20 and 40 nm thickness has been etched at

constant current and with a side contact (Fig. 14a). A sharp potential maximum is observed when

the interface between the GaAs-caplayer and the multiquantum wells is crossed. Beyond this

point, however, the maxima which correspond to quantum well interfaces are not detectable

(Fig. 14b). ex'ept for a heavily damped peak in the second layer.

SEM invesgadtions revealed that MQWs, etched to a depth of many layers, are removed very

inhomogeneously, giving rise to a rough surface with a terrace-like microscopic structure

(Fig. 14c). The step height of these terraces corresponds to the thickness of the MQW-cpilayers.

Moreover, when etching at constant current., within this rough surface deep holes are found which

extend down to the substrate. With time, these holes coalesce resulting in a large area where the

substrate is laid open (Fig. 14d). Further etching occurs preferentially in a lateral direction until

the MQW material is removed within the entire illuminated spot (Fig. 14c). Possibly, the high

degree of charge carrier confinement within the thin quantum wells is responsible for this effect.

During the process of lateral etching, the etching in vertical direction proceeds at a considerably

lower rate giving the substrate a much smoother surface than that of the MQWs.
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4. Conclusions

By using electrochemical methods for the monitoring of light-induced etching it was possible to

study the behavior of heterostructures in contact with an electrolyte. It was found that the energy

band structure of a heterojuncdon strongly affects the etching process. The sensitivity of current

and potential measurements can be strongly increased by attaching an ohmic side contact to the

sample cxploiting a layer of quasi-two-dimensional electrons at the GaAs/AIGaAs interface which

acts as conducting path towards the side-contact and leads to a lower resistance of the sample

and increased current.

In experiments at constant potential, the crossing of an interface during etching shows up as a

current minimum. Correspondingly, in constant current etching, Lnterfaces are indicated by

potential maxima. Based on these results it is possible to apply current or potential measurements

as ia situ process diagnostics for the etching of mulfilayer structures. Without removing the

sample from the electrochemical cell one can tell which layer is currently etched, and an

integration of the etch current allows to determine the approximate etch depth.

A detailed study of the surface morphology during etching with a beam of uniform intensity

revealed that generally the surface roughness increases with time, possibly due to the

accumulation of insolvable aluminum oxides. Moreover, the magnitude of the applied potential

was found to control the uniformity of the etching. This result could be explained by an

additional field gradient between dark and illuminated areas which is present near open-circuit

conditions and causes enhanced etching at the boundary between those areas. Since this
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photoporential is superimposed onto the external voltage, its influence decreases when larger

external potentials are applied. Due to the increasing roughness of the surface with exposure time

it is presently impossible to etch very thin epilayers, such as MQWs, in a well-defined way layer-

by-layer, except to remove the top layer.
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Figure Captions

Fig. I: Experimental setup for photoclectrochcmical etching.

Fig. 2: Current-potential curves for GaAs and AIGaAs under illumination and in the dark

(scan rate: 5inV/s).

Fig. 3: Photoelectrochemical etching of a single-layer sam p!e:

a: Structure of the sample.

b: Current curve for etching at constant potential.

Fig. 4: Energy band diagram for the single-layer sample of Fig. 3a.

Fig. 5: Schematic plot of three different stages during the etching through the

AlGaAs/GaAs interface of the single-layer sample of Fig. 3a. Also depicted are

the corresponding energy band diagrams under an applied positive potential and

the direction of the movement of photogenerated charge carriers.

Fig. 6: Photoelectrochemical etching of a multilayer sample:

a: Structure of the sample.

b: Current curve for etching at constant potential. In the upper part of the figure,

a section of the same curve is shown ten times magnified.
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Fig. 7: Photoclectrochemical etching of a multilayer sample with additional side contact:

a: Structure of the sample.

b: Current curve for ething at constant potential.

c: Potential curve for etching at constant current

Fig. 8: Energy band diagram of the multilayer sample of Figs. 6a and 7a. The two-

dimensional electron gas (2DEG) at the interfaces is marked.

a: Equilibrium situation.

b: Situation for an applied potential.

Fig. 9: Schematic plot of four stages during the etching of the multilayer sample of Fig.

7a together with the corresponding energy band diagrams under applied positive

potential.

Fig. 10: Optical micrographs showing the increase in surface roughness during etching the

multilayer sample of Fig. 7a.

Fig. 11: Photoclectrochemical etching of the multilayer sample of Fig. 7a at various values

of constant current. The curves for 13.9, 18.5, 23.2, and 27.8 mA/cmk have offsets

of 0.3, 0.6, 0.9, and 1.2 V, rspedtivcly. For three values also the resulting etch

profile is shown.
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Fig. 12: Photoclectrochernical etching of the multilayer sample of Fig. 7a at various values

of constant potential together with the resulting etch profiles. The curves for

Vsa = -0.2, +0.2, +0.4, and +0.6 V have offsets of 20, 40, 60, and 80 pA,

respectively.

Fig. 13: Schematic plot of field distribution during photoelectrochemical etching at various

potentials together with the resulting etch profiles:

a: Open-circuit conditions (zero current).

b: Applied potential slightly more positive than the open-circuit value.

c: Large positive potential.

Fig. 14: Photoclectrochemical etching of a multiquantum-well sample with side contact:

a: Structure of the sample.

b: Potential curve for etching at constant current.

c: SEM micrograph showing the surface structure after entering the MQWs.

d: SEM micrograph showing the situation after reaching the substrate.

c: Etch profiles showing the sequential etching of the MQW stack at constant

current. As explained in the text, in the interval between 8.3 and 13.3 min, the

original etched hole to the substrate widens by lateral etching.
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